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ABSTRACT
SURFACE AND INTERFACIAL STRUCTURES INDUCED BY
ELECTROHYDRODYNAMIC INSTABILITIES
FEBRUARY 2003
ZHIQUN LIN, B.S., XIAMEN UNIVERSITY, FUJIAN, CHINA
M.S., FUDAN UNIVERSITY, SHANGHAI, CHINA
M.S., UNIVERSITY OF MASSACHUSETTS AMHESRT
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHESRT
Directed by: Professor Thomas P. Russell
Subjecting a liquid/liquid interface to an electrohydrodynamic pressure
enhances fluctuations of a characteristic wavelength, leading to an instability and
eventually the formation of well-defined columnar structures. Extending the linear
stability analysis of a single fluid interface to a liquid/liquid bilayer produced
generalized results applicable to any interface. Countering the electrohydrodynamic
pressure is the Laplace pressure, which is dictated by the surface energy or the
interfacial energy. Consequently, the characteristic length scale for the bilayer
instability is reduced. Results presented for different polymer bilayers under a wide
range of experimental conditions show quantitative agreement with the generalized
theory with no adjustable parameters. Data over four orders of magnitude in reduced
wavelength and field strength can be described by the theory.
External electric fields are also used to amplify interfacial fluctuations in a
air/polymer/polymer system where one polymer dewets the other. Two different
hydrodynamic regimes are found as a function of electric field strength. For weak
fields, heterogeneous nucleation can lead to the formation of holes before the
viii
electrostatically driven instability sets in and the dewetting kinetics are not
influenced by the electric field. Stronger electric fields lead to a spinodal instability
that causes the formation of polymer columns on top of the second polymer. In
addition, the analysis of the polymer-polymer interface during the early stage of the
instability indicates a slip boundary condition for the upper layer on the lower fluid
substrate.
Columnar structures with a characteristic hexagonal order increase in
diameter at a rate dictated by a balance of the forces exerted on the surface of the
columns and on the underlying reservoir. If the reservoir is exhausted, or if dewetting
occurs, the columns are isolated and growth is arrested, kinetically trapping the size
of the columns.
An alternative way to control structure formation at the surface of a thin
liquid film is presented by creating topographical patterns comprised of stripes with
well defined widths. It is seen that undulations beneath a stripe pattern lead to the
formation of columns. The width of the stripes is seen to markedly alter the
wavelength of lateral grovs^h of the fluctuations.
ix
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CHAPTER 1
SINGLE LAYER FILM IN AN ELECTRIC FIELD
Introduction
Controlling structure formation at interfaces on length scales micrometers or
less has been studied extensively. One route to achieve such control relies on
instabilities at the interfaces. The dynamic instability of thin dielectric films is of
interest not only academically, but also technologically, for example in
microlithography, coatings and adhesion. There are three different categories of
instabilities that are of current interest.
Instabilities Driven by Dispersive Forces
Instabilities induced by van der Waals interactions, i.e. spinodal dewetting,^
for example, have been the subject of many studies theoretically^"'*^ and
11 18
experimentally. " Spinodal dewetting is triggered by thermally excited capillary
waves and amplified by the disjoining pressure. It is characterized by the
development of correlated fluctuations at the surface of a liquid film, ultimately
leading to the disruption of the film and dewetting, where the height fluctuations of
thin liquid film are analogous to composition fluctuations in polymer mixture
system^^'^^. Brochard theoretically studied the mechanism of dewetting of liquid A /
liquid B bilayers."^ The microscopic films are unstable and spinodally decomposed by
amplifying the fluctuation of capillary waves. The deformation in upper liquid A
gives rise a pressure gradient in lower liquid B and induces a Poiseuille flow in
1
liquid B. Sharma et al. simulated the pattern formation in the unstable thin liquid
films based on a 3D nonlinear equation of motion.''^' Lambooy et al. qualitatively
compared their experimental results with Brochard's theory." They found by
varying the degree of the coupling between two flows, the buried interface between
PS (MW=95K) and PMMA is less deformed with the increased molecular weight
(MW) of PMMA. Figure 1.1 shows the section analysis of the AFM images. The
molecular weight (MW) of upper PS layer is 95K, while MWs of PMMA are vaned.
The dash and solid lines are the profiles of the PS surface and the "buried"
PS/PMMA interface. The equilibrium of contact angle 6^ is proportional to the
viscosity ratio of PS to PMMA. The contact angle at the PS/PMMA interface is
decreased with the increased MW of PMMA. Qu et al. investigated Brochard's
theory and established a quantitative comparison of their experiments with theory.^"^
The scaling behavior of dewetting velocity with PS molecular weight was
determined and three regimes, as predicted by Brochard, were observed. Sferrazza et
al. studied deuterated PMMA (d-PMMA) dewets from PS substrate by specular and
off specular neutron reflectivity to characterize the typical distance and time scale for
this buried polymer interface.
Wetting and dewetting are well known phenomena. Another mechanism to
initiate the dewetting is by nucleation and growth via particulate impurities, air
bubbles or defects inside the system. Herminghaus and coworkers showed the
presence of air bubbles and other defects, such as indentations in the polymer
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surface, can lead to hole formation by heterogeneous nucleation. Stange and Evans
pointed out the spinodal dewetting dominates over the nucleation process under
2
clean room conditions. Particle nucleation increases in higher aerosol concentration
environments. This indicates the airbone particles might fall onto the film surface to
act as nucleation sites. Stange and Evans also found a third type of nucleation occurs
upon the thermal cycling of the films by scan probe microscopy, due to a
delamination-induced buckling of polystyrene film which film thickness is about
22nm.
de Gennes, Brochard and Joanny had investigated the dewetting dynamics in
great detail theoretically.^'^''^^'^^ Brochard pointed out dewetting evolves by
balancing the capillary force Fd, which promotes dewetting, with the viscous force
Fv, which retards dewetting.'^
y
and F^^krj-^ (1)
where 0 and 9e are the dynamical and equilibrium contact angle, respectively. The
dewetting behavior can be described by the spreading coefficient S.
s = rB-irA + rAB)' (2)
If S is smaller than zero, liquid A will dewet liquid B.
Electrohydrodynamic (EHD) Instabilities Driven by External Electric
Field
All the above studies were based on instabilities of the system driven by
dispersive forces in the absence of an applied external field. The application of
12 13 28 45
electric field has been shown to orient the morphologies of dielectric fluids ' " ,
3
as seen m the alignment of diblock copolymers.''"^^ Electrical fields have been used
to overcome the interfacial interactions to produce well ordered arrays of nanoscopic
morphologies.
The influence of an electrical field on the surface of a polymer or viscous
fluid was first investigated by Swan in 1897.^^ In conjunction with the development
of xerography, Glenn described a process called "thermoplastic recording", for
recording electrical signals that involved focusing an electron beam on low melting
thermoplastics films.'^^ Cressman subsequently developed a one-dimensional model
to describe instabilities on the surface of a thin, thermoplastic film between two
electorodes after placing a uniform charge on the surface.'^' Killat extended these
studies to thicker films under the influence of a surface charge that led to a
deformation of the thermoplastic."^^ Using low viscosity fluids, Reynolds
investigated the interface between two fluids under an alternating field where the
influence of surface charge is minimized.''^ These studies indicated that the interface
would be unstable when the applied field exceeded a critical value. Melcher
subsequently examined the electrodynamic charge relaxation at interfaces in a field
applied normal to the interface.'*'^ Experiments using AC and DC fields indicated that
conductance from charge convection at the interface played a role in destabilizing
the interface. Saville has extensively investigated the electrohydrodynamic
deformation of colloidal dispersions in weakly conducting liquids under static and
oscillatory fields.'^^'^' Onuki theoretically treated instabilities at the interface between
two immiscible, nonionic fluids."^^ Herminghaus theoretically predicted a dynamical
instability of dielectric coating between electrically conductive media. He showed
4
Figure 1.1. The section analysis of AFM images. The molecular weight (MW) of
upper PS layer is 95K, while MWs of PMMA are varied. The dash and solid lines
are the profiles of PS surface and the "buried" PS/PMMA interface, respectively
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that electric forces are effective in overcoming dispersive forces and, thereby,
amplify surface fluctuations." The fastest growth mode is given by
^™x-f/^P%^V^ (3)
where U is the applied voltage, e is the dielectric constant of dielectric liquid, o is
interfacial tension between the film and the upper medium and ho is the film
thickness. Pelrine et al. have recently used dielectric elastomers (for instance,
silicones), sandwiched in between conductive materials, to make electrical
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actuators. The potential applications in artificial muscles, loudspeakers, robotics
etc. by using these highly electrically responsive elastomer actuators were proposed.
More recently, Nagel and coworkers investigated the time evolution of instabilities at
liquid interfaces driven by an electric field applied normal to the interface using high
speed film movie camera. Figure 1.2 shows the time sequences of an
electrohydrodynamic spout at the oil/water interface with an instantaneous electric
field applied. The upper and lower fluids are silicon oil and distilled water,
respectively. The low concentration sodium chloride is added into distilled water in
order to control the conductance. The initially flat interface grows into a hump
whose curvature increases with time. The curvature of the tip diverges between the
frame 6 and the frame 7, thereafter the instability continues to develop, emitting a jet
as can be seen in the frame 9. In the frame 10 a spray reaches the upper electrode and
eventually the lightning occur. Both curvature and height of the fluctuations exhibit
scaling law with respect to a critical time corresponding to a critical point in the
dynamics underlying the instabilities.
6
Schiiffer et al. recently reported that electrostatic forces across the surface of
a polymer above its glass transition temperature will amplify surface waves resulting
in a laterally-ordered array of columns of the polymer spanning the gap between the
12 13
electrodes. • • Their calculations indicated that a well defined lateral wavelength
follows a power-law dependence as a function of the applied electric field.'^'^
Experiments on films between parallel capacitor plates leaving an air gap under both
DC and AC fields, showed good agreement with theory. The characteristic
wavelength is given by
where U is the appHed voltage, y is the surface tension of polymer, e is the dielectric
constant of polymer, eo is the permittivity in vacuum, and E is the electric field
strength in the polymer.
Observations similar to those of Schaffer et al were made by Chou and
coworkers, ^'^'^^ who were able to create a periodic arrays of polymer cylinders in the
absence of an applied external field. They proposed an electrostatic attraction
between two surfaces that overcome surface tension and the gravitational force on
the films.
Thermomechanical Instabilities Driven by Temperature Gradient
Thin polymer film can also be unstable in the presence of temperature
gradient.^-^ The thermomechanical pressure caused by the temperature gradient at the
7
interface between two different media is strong enough to overcome the surface
tension y and the viscous drag to induce the instabihties.
It is well known that temperature gradient induces the density and surface
tension variation when crossing a liquid. The pattern formation is caused as a result
of convective instabilities for a macroscopic film.^'* In the case of thin film, the
density variation induced Rayleigh-Bemard convection and surface tension driven
Bemard-Marangoni effect can be neglected in comparison to the heat diffusion
which causes a thermomechanical force to destabilize the film. The general
temperature gradient in the range of 10-50°C/|im is applied in between the bottom
5 3
and top plates. In addition to the typical columnar morphology, the stripes and
spiral patterns are also observed in a same sample. Figure 1.3 shows the optical
micrographs of polystyrene films heated in the presence of different temperature
gradients. The most unstable wavelength under various experimental conditions can
be scaled with a characteristic parameter -- heat flux across the film and is found to
be proportional to the square root of the temperature gradient.
Creating controlled structures from micron to nanometer scale is very
important technologically. Besides temperature gradient^"^'^^ and directional eutectic
solidification,^^ an external electric field has been shown to generate the controlled
structures at the polymer/air interface. ^^'^^
To better understand the physics at the polymer/air interface first discussed
by Schaffer et al.*^'^"^, this work sets forth a series of systematic studies on thin film
to generate structures under well defined conditions.
8
Figure 1.2. Time development of an electrohydrodynamic spout at the oil-water
mterface in electric field. ^ The width of the upper electrode is 6.4 mm. The first six
snapshots (counting from the upper left comer) show how the initially flat interface
grows into a hump whose apex curvature increases with time. Between the sixth and
seventh snapshots the curvature of the tip diverges. Thereafter, the instability
continues to develop, emitting a jet as can be seen in snapshots 7, 8, and 9. In
snapshot 10 the spray has reached the upper electrode and "lightning strike," line is
seen in the photograph. In frames 11 and 12 the charged spray is repelled from the
upper electrode towards the body of the spout.
Experimental
Materials
Poly(4-bromo styrene) (PSBr) (MW=6.5xlO'') and poly(dimethylsiloxane)
(PDMS) (200(S)Fluid, with a viscosity Ti=10,000Cst.) were purchased from Aldrich
Chemical Co. Deuterated polystyrene (dPS) with a molecular weight of 99.9K
(PDI=1.017) was synthesized in our laboratory by anionic polymerization. Indium-
tin-oxide coated (ITO) microscope slides, a transparent electrode used in this study,
were purchased from Delta Technologies (25x50x1. lmm^ Rs< lOOohms).
Sample Preparation
The general sample configuration used in the study is shown in Figure 1.4.
The transparent ITO glass serves as the upper electrode. The separation distance
between Si substrate and ITO glass can be controlled by evaporating thin rails of
SiOx on the top of ITO glass or Si substrate as an insulating spacer. In the case of
single layer and bilayer studies, medium 1 and medium 2 are air/liquid, and liquid
1/liquid 2, respectively.
In the single layer study, 530 nm thick deuterated polystyrene (d-PS)
(MW=99.9K) thin films are spun from toluene solution on a clean Si substrate. The
thickness of the air gaps above the d-PS films was varied. Samples were then
exposed to 30 V. In a second set of studies, a 730 nm thick PSBr (MW=65K) film
was spin-coated from toluene onto a clean Si wafer. Both the applied voltages and
thickness of the gap height was varied. All single layer samples were annealed at
170°C above the glass transition temperatures of d-PS and PSBr (Tg,ps=100°C and
Tg,psBr=119°C), under N2 for a day with an applied electric field and quenched to
room temperature before removing the applied field.
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Figure 1.3. Optical micrographs of polystyrene films heated in the presence
temperature gradient. • The formation of (a) columnar patterns (// = 100 nm,d =
nm and AT=46°Cy, (b) striped pattern {h = 110 nm, J = 170 nm, AT =54°C).
(a)
All film thicknesses were measured with a Rudolph Research AutoEL®-!!
ellipsometer using a helium-neon laser (X=632.S nm) at a 70° incidence angle. The
dielectric constants of the solid polymers used in our studies (PSBr, PS and PMMA)
were measured on melt-pressed 1.9 cm diameter, 1 mm thick disks, using a
Novocontro dielectric spectrometer. The solid polymers were confined between two
electrodes in a closed chamber under N2. The dielectric constants of PDMS and PI
were measured using the BDS 1200 liquid sample cell. Dielectric measurements
were performed at 5Hz from 0 to 180°C. The dielectric constants of all the polymers
at 170°C used in this study are given in Table 1. An Olympus 8x60 optical
microscope in the reflection mode was used to investigate the structure development
at the interface between the two polymers. Atomic force microscopy (AFM) studies
were performed with a Digital Instrument D3100 scanning force microscope in the
tapping mode. Silicon nitride tips on cantilevers (Nanoprobe™) with spring constants
from 29.3 to 63.9 N/m were used.
Results and Discussion
Dielectric Constants Measurements
The dielectric constant difference Ae between polymer and air will cause a
gradient field at the liquid/air interface, which translates into an electrostatic pressure
12 13
at the interface and dictates the magnitude of the gradient and therefore pressure. '
The dielectric constants of the polymers used in our study as a function of the
temperatures and the frequencies are shown in the Figure 1.5. Instead of applying
the general e value from the literatures or other sources, where e is usually given at
12
Figure 1.4. Sketch of the sample geometry used in the experiments. A bilayer of two
liquids with film thickness of ho and d-ho, respectively, is confined between two solid
electrodes: a highly polished silicon wafer (lower electrode) and an ITO coated
microscope slide (upper electrode). The distance between the two electrodes is
controlled by the height of spacer structures (SiO) evaporated at the edges of the
slides on top of the ITO. The temporal evolution of the confined samples under an
applied electnc field is studied by optical microscopy in the reflectance mode
Microscope objective
ITO glass
Medium 1 (&,, d-f\j)
Medium 2 (£2, hg)
\/ /////// ///////
/
T^
^ V
ZZ2Hr
-Si substrate
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25°C, the precise value of Ae between two media under a particular experimental
temperature can be readily obtained based on Figure 1.5.
Theory
It is well known that there are thermal excited capillary waves at the
liquid/air interface. When an external electric field is applied, as discussed by
Schaffer et al, the pressure at the surface of a thin liquid film under an applied field
is given by'^''-^
P-Po+PAh) + P^,(h) + P,Jh) (5)
where P and Pq are the pressures in the liquid film and the air, respectively. P,i is the
electrostatic pressure, arises from the difference in the dielectric constants Ae
between two media.'^
P,i(h) =
-£o£p(£p-l)El (6)
where Eq and Ep are the permittivity in vacuum and the liquid dielectric constant, Ep
is the electric field strength in the liquid layer,
Ep = (7)
£pd - {£p - \)h
Ptap is the Laplace pressure that can be written as
Pu,„ -
-r (8)
The disjoining pressure, Pdis, arises from the dispersive van der Waal
interaction, is given as P^j^^ = (9)
67lfl
where A is Hamaker constant.
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Figure 1.5. Dielectric constants of polymers as a function of the temperatures and
frequencies, (a) PS; (b) PMMA; (c) PSBr; (d) PDMS; (e) PI.
(a)
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Figure 1.5, continued
Continued on next page
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Figure 1.5, continued
Figure 1.6 shows the orders of the magnitudes of the disjoining and electrostatic
pressures in a thin film. According to this figure, A is larger or less than zero for a
wetting or nonwetting substrate, respectively. When the films are thicker than 100 nm,
the contribution of the disjoining pressure (~10N/m^), in comparison with the
electrostatic pressure (~10^N/m^), is negligible. Typical film thicknesses m our study are
-100 nm, so P^,, will be ignored. The Navier-Stokes equation yields:
dP aVjc dP d-Vy dP
The mass conservation requires
^ + V-(pV) = 0 (11)
Kinematics equation is given as
V.=|.V,|^.V,^ (12)
ot ox ay
Assume small pertubation along the liquid/air interface in both x and y directions
(see Figure 1.4),
t
h = h^-\- jue ' (13)
Solve eq (11), the velocities profiles in x, y and z directions can be obtained.
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Figure 1.6. Comparison of orders of magnitudes of the disjoin pressure (A>0: solid
pomts; A<0: open points) and the electrostatic pressure (d=500nm, U=30V, e=2.95).
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substituting them into eq (12) with the boundary conditions
V^=V^=V.=0 @ z = 0
V^ = V-==o @z = h ^^^^
OZ OZ
In the linear approximation (long wave and small amplitude), a dispersion relation is
obtained:
The fastest growth modes in both x and y corresponding to the maximum in eq (15):
In the orthogonal direction,
^n.x -(^'n.x +<n.x)^ =[ ^^"^^ ^^ Z' (16)
r[d8-h^{s
-1)1
The characteristic wavelength is
13 1 /2
.„.=i^ = ^|zt^£zM£zl)L^ (17)
The eq (17) is exactly the same as derived by Schaffer et al from equation of motion
approach in one dimension/"^
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Structure Formation at the Surfaces
Optical microscopy (OM) and atomic force microscopy (AFM) were used to
examine the polymer surfaces after quenching the samples below the glass transition
temperature of polymers to fix the structures. A typical result for a d-PS thm film
exposed to 30 V is shown in Figure 1.7. Micron-sized cylindrical structures that
bridge between the two electrodes are seen. A well defined lateral distance in
between cylinders is clearly evident in Figure 1.7 (a) and (b). The second order
structures are observed for the nucleated instabilities in Figure 1.7 (c) and (d). The
locally higher value of the film thickness at the nucleation points leads to a higher
electric field and increased driving force. This causes a depletion of nearest-neighbor
undulations. Figure 1.8 shows the AFM scans at the surface of d-PS thin film after
removing the ITO cover slide from the sample surface. Substituting the relevant
experimental parameters into eqs (4) or (17), yields a characteristic distance of 24.6
l^m, which agree well with 21.7 \im value determined experimentally. By varying the
separation distance d between the two electrodes while keeping the applied voltage
fixed at 30 V, the characteristic wavelength A,max as a function of ho/d, where ho is the
film thickness of d-PS, is shown in the Figure 1.9. The experimental data are shown
to fit with the theoretical model in terms of characteristic wavelength A,niax developed
by Schaffer et al.'^'^^
In the second set of single layer film experiments, 740 nm thick PSBr films
were exposed to a wide range of the applied voltage from 20 V to 60 V, meanwhile
the separation distances d between the electrodes were varied. Figure 1.10 showed
the OM images of PSBr thin films after exposure to 30 V and 40 V, respectively.
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Figure 1.7. The optical micrographs of 530 nm d-PS thin film in 30 V from top view
through ITO cover slide. The separation distance d is 1.42 ^im. The image sizes are
mixm" X lOQ^im^ in (a), (c) and (d), and is 54.5|Lim2 x 54.5^m2 in (b), respectively
The second order effect structures are observed for the nucleated instabilities in (c)
and (d).
(a)
Got
OOiJ
(b)
(c) (d)
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Figure 1.8. 2D AFM height images of d-PS thin film after exposed to 30 V The
separation distances d between two electrodes are 1.4 ^m and 1.2 urn in (a) and (b)
respectively.
(b) 80.0
60.0
40.0
20.0
0
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Aniax in between the cylindncal structures decreases with an increase of the appHed
voltage from 30 V to 40 V. The 2D fast Fourier Transform (FFT) and section
analysis of the AFM image shown in Figure 1.11 indicate that well-ordered,
columnar-like structures are obtained. The aspect ratio of the diameter to height of
the PSBr column is ~ 4, which illustrate that rather than the polymer column, the
"pancake" like feature is achieved. It can be further revealed in the scanning electron
micrograph (SEM) or laser scan confocal microscropy (LSCM) measurements.
Shown in Figure 1.12 is an example of the SEM image of 530 nm d-PS thin film in
30 V.
Diffusion Coefficient in the Electric Field
The electric field works against the interfacial tension to initialize the fluctuation at
the interface, the fastest growth mode is selected from the system. The apparent
maximum diffusion coefficient Dapp, which describes the dynamic behavior of
fluctuations at the interface of polymer/air in the electric field in the early stage, can
be determined at that fastest growth mode from the classic diffusion equation
dh_d_
dt dx
D{h)
dh
dx
(18)
Compare eq (18) with the continuity equation
13
dh dJ
^
— +— = 0
dt dx
(19)
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Figure 1.9. The characteristic wavelength X„,ax as a function of the sample geometry
ratio ho/d. The film thickness of d-PS is 530 nm, d is the separation distance between
two electrodes.
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Figure 1.10. 740 nm PSBr thin films are exposed in (a) 30 V and (b) 40 V,
respectively. The image sizes are 45x45^ml The separation distance d in (a) and (b)
are 1.69 |xm and 1.72 [im, respectively.
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Figure 1.1 1. The 3D AFM height images, 2D fast Fourier transforms (FFT) and the
cross sections of 740 nm PSBr thin films in (a) 30 V; (b) 40 V, respectively.
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Figure 1.11, continued
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Dapp can be obtained in the case of single layer film in electric field
D h
app., max
£
(--1) (20)
where r[p is the viscosity of the liquid.
The time dependent Ginzburg-Laudau equation is used to describe the
dynamics of phase separation in polymer mixtures.
dt
(21)
where the H[0(r,t)]= j FW + i|V^| dr , and r|(t ) is the thermal noise. The
kinetic parameter of interest in the early stage of spinodal decomposition is the
collective diffusion coefficient, Dcoii.
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A,,„. =lim(^->0)^
2q
(22)
where the rate constant r(q) is determined by
(23)
Therefore the collective diffusion coefficient, Dcoii is
(24)
where 5;' (0) =
KJ
~T-Tc < 0, and Tc is the critical temperature. The phase
separation in polymer mixtures is driven by the temperature gradient AT, i.e., T - Tc.
The collective diffusion coefficient, Dcoii, is proportional to T - Tc. The negative
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value of Deoii indicates the mixture is unstable and phase separated. And the
apparent diffusion coefficient, Dapp, at the liquid/air interface in the electric field is
proportional to -U' (eq (20)). The driving force is the competition between the
electrostatic force with the interfacial tension.
The characteristic distance, X^ax, in polymer blends at early time, is
proportional to !
—
-. Here the characteristic distance X^ax in the liquid/air
(T-T,)2
system in an external electric filed is proportional to
^ . With an increase of the
temperature gradient AT, Xmax decreases. Xm^x in bilayer decreases with an increase of
the applied voltage. Therefore, both phase-separating polymer mixtures and polymer
thin film with an applied electric field are analogous. The height fluctuations in the
single layer system under electric field can be mapped to the concentration
fluctuations in polymer blends.
Substituting the relevant experimental parameters into eq (20), Dapp. in d-PS thin
film study at early times can be predicted in Figure 1.13. As the separation distance d
increases, the driving force decreases, therefore Dapp of d-PS thin films in 30 V
reduces (less negative). The negative Dapp indicated the liquid/air system was
unstable and fluctuated.
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Figure 1.12. Scan electron microscopy image of 530 nm d-PS thin film in 30 V
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Figure 1.13. The apparent diffusion coefficients, D^pp, of 530 nm d-PS thin films in
30 V as a function of the sample geometry. (ho=530nm, = 2 95 np-13KDaS
MW=99,800) ^ ' ' '''^P^^'
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Conclusions
External electric field is used to amplify the surface wave of a liquid/air
single layer to induce the electrohydrodynamic instabilities as a result of the
competition of the electrostatic force with the surface tension. The electrostatic force
arises from the dielectric constant difference between two media, and acts to
destabilize the liquid surface, increasing the surface area. However, countering to the
electrostatic force, the surface tension tends to minimize the surface energy. The
long wavelength fluctuations are suppressed due to the fluid dynamics. The small
wavelength fluctuations, on the other hand, are suppressed since they cost too much
energy. Consequently, a most unstable wavelength is selected and leads to the
structure formation at the liquid/air interface eventually bridging between two
electrodes. A well ordered columnar structure at the interface is seen.
The characteristic wavelength X^ax of the fluctuation in two dimensions,
which has been reported by Schaffer et al based on equation of motion in one
dimension, can be predicted in a linear approximation from kinematics approach.
Good agreement between experimental observations with the theoretical model is
shown.
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CHAPTER 2
LIQUID/LIQUID BILAYER IN AN ELECTRIC FIELD
Introduction
A new method to control structure formation at liquid/air interfaces, where
electrostatic forces were used to induce an instability at the liquid/air surface of a
thin film, was recently discussed by Schaffer et al.''^ Experiments on thin polymer
films between parallel capacitor plates showed that the enhancements of fluctuations
on the surface of the film produced columns with a characteristic separation distance
that spanned between the two plates. The columns separation distance was found to
be proportional to the surface tension of liquid. If, however, the air is replaced with a
second polymer forming a bilayer, the surface tension is replaced with the interfacial
tension that can be about an order of magnitude smaller.
Here the theoretical model for a single layer is extended to the more general
liquid/liquid bilayer and experimental data are shown that test the model. A
systematic characterization of structure formation at the liquid/liquid bilayer
interface in an applied electric field is reported. Regardless of the polymers used,
very good agreement over many orders of magnitude in reduced wavelength and
field strength is observed using no adjustable parameters. Routes towards even
smaller size-scale structures are discussed.
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Experimental
Materials
Polyisoprene (PI) (MW= MW=4.0xlO'), oligomeric dimethylsiloxane
(ODMS) (commercial grade), Poly(4-bromo styrene) (PSBr) (MW=6.5xlO'^) and
poly(dimethylsiloxane) (PDMS) (200®Fluid, with a viscosity Ti=10,000Cst.) were
purchased from Aldrich Chemical Co. Oligomeric styrene (OS) (MW=580),
Polystyrene (PS) and poly(methyl methacrylate) (PMMA) were purchased from
Polymer Laboratories LTD. The molecular weight of PMMA and PS were PMMA-
27K, MW=2.7xlO^ (PDI=1.04), PS-30.3K, MW=3.03xlO^ (PDI=1.02) and PS-96K,
MW^Q.exlO"^ (PDI=1.04). Deuterated polystyrene (dPS) with a molecular weight of
99.9K (PDI=L017) was synthesized in our laboratory by anionic polymerization.
Indium-tin-oxide (ITO) microscope slides, a transparent electrode used in this study,
were purchased from Delta Technologies (25x50x1. Imm^, Rs< lOOohms).
Sample Preparation
Figure 1.1 shows the typical sample configuration of the study. Thin liquid
films of polyisoprene (PI) and oligomeric styrene (OS) were spin-coated from
toluene solutions onto bare and gold-coated silicon wafers, respectively. The film
thickness was 140 nm. For some experiments, a small air gap was left above the
liquid to form liquid/air single layer. In the remaining experiments, the air was
replaced with a layer of oligomeric dimethylsiloxane (ODMS), thus forming a
liquid/liquid bilayer. No solvent was used to deposit the ODMS layer. The overall
thickness of the single layer and the bilayer was nominally 1 ^in\. Table 1
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summarizes the physical constants of the liquid oligomers and polymers. The
interfacial tension of OS/ODMS, OS/Pt and PI/ODMS are 6.1 mN/m, 1.68 mN/m
and 3.2 mN/m, respectively^^ The last value was estimated from the segmental
interaction parameters, of different polymer pairs, which follow the order x ps/pdms
> X Pi/PDMs > X PI/PS- ' Thin rails of silicon oxide were evaporated on top of indium-
tin-oxide (ITO)-coated microscope slides (Delta Technologies), and these slides
were mounted on top of the bilayer samples with the ITO and silicon oxide side
facing downwards, as shown in Figure 1.4. The separation distance between the
substrate (Si wafer) and the upper boundary was thus controlled by the height of the
evaporated spacers and was typically 1.08 /xm. The samples were placed under an
optical microscope and a small voltage (U = 20 V for Pl/air single layer, PI/ODMS
bilayer experiments and U = 50 V for OS/air single layer, OS/ODMS bilayer
experiments) was applied between the Si substrate (electrode 1) and the ITO layer
(electrode 2). We independently determined the resistivity of the ITO layer
(/?/7o = 320Q) and the resistivity of the highly doped Si wafers (/?s, = 0.01-0.03
Q/cm ). The typical currents measured during the experiment 7 = 5 jiA indicate that
the applied potential indeed dropped over the sample-capacitor. As the ITO-coated
substrates do not significantly absorb light in the visible range, this geometry
permitted a direct observation of the temporal evolution of the thin liquid films in the
electric field. Since the glass transition temperature of the polymers used in these
single layer and bilayer are less than zero, the experiments are preformed at room
temperature with no heat applied.
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In the first systematic study of structure formation at the interface of
Uquid/liquid bilayers in the electric field, a film of PS (MW=30.3K), 550 nm in
thickness, was spin coated onto a freshly cleaned Si substrate. A layer of PDMS was
then spin coated directly on top of the PS film from a heptane solution to form a
bilayer. Heptane is a nonsolvent for PS. Two bilayers with overall thicknesses 1.12
and 1.25 \im were prepared. In a second bilayer experiment, a 730 nm thick PS
(MW=96K) film was spin-coated from toluene solution on a cleaned Si wafer. A 290
nm thick film of PMMA (MW=27K) was spin coated on top of the PS film from an
acetic acid solution where acetic acid is a nonsolvent for PS. Experiments were also
performed on PMMA/PDMS bilayers. A thin layer of PMMA (MW=27K) film was
spin coated from a toluene solution onto a Si wafer. A PDMS film was spin coated
from a heptane solution onto the PMMA layer, where heptane is a nonsolvent for
PMMA, to form the PMMA/PDMS bilayer. The thickness of the PMMA and PDMS
ranged from 180-290 nm and 690-1030 nm, respectively. Rails of silicon oxide were
evaporated on the top of ITO-coated microscope slides. These were then placed on
the top of the bilayers. The bilayers were annealed at 170°C under Ni for a day under
an applied electric field and quenched to room temperature before removing the
applied field. To examine the polymer/polymer interface, the upper layer was
removed with either heptane, in the case of PDMS, or acetic acid, in the case of
PMMA. Residual heptane was removed by placing the sample under vacuum.
Residual acetic acid was removed by thorough rinsing with de-ionized water and
drying under vacuum at room temperature.
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All film thicknesses were measured with a Rudolph Research AutoEL®-n
ellipsometer using a helium-neon laser (?i=632.8 nm) at a 70° incidence angle. The
dielectric constants of all the polymers at 170°C used in this systematic study of
structure formation at the interface of liquid/liquid bilayers in the electric field are
given in Table 2. An Olympus Bx60 optical microscope in the reflection mode was
used to investigate the formation of structures at the interface between the two
polymers. Atomic force microscopy (AFM) studies were performed with a Digital
Instrument D3100 scanning force microscope in the tapping mode. Silicon nitride
tips on cantilevers (Nanoprobe™) with spring constants from 29.3 to 63.9 N/m were
used.
Results and Discussion
Reduction of Characteristic Wavelength
In the first set of experiments, a layer of PI was placed between the
electrodes, leaving an air gap of 940 nm. Similar to the experiments reported recently
by Schaffer and et al.,^'^ an amplification of fluctuations at the Pl/air interface,
occurred, ultimately leading to the creation of an array of vertically standing PI
columns. A typical image of this morphology can be seen in Figure 2.1 (a). The
average distance between the center of two neighboring columns is
<dcyi.cyi> = 47.4±4.4 fim.
The influence of changes in e and y of the upper layer on the time and size
scales of the evolving structures was investigated in the second set of experiments.
Figure 2.1 (b) shows the final state of a PI/ODMS bilayer annealed at ambient
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conditions. A visual comparison of Figures 2.1 (a) and (b) shows a clear reduction in
length scale, associated with the replacement of air by ODMS. The cylinder
structures now exhibit a typical spacing of <V,,/> = 20.6±1.3 ixm. This spacing is
about one-half that observed in the single film experiments. The characteristic times
for the growth of the cylinders were detennined for both the single and bilayers cases
by optical microscopic observations. The time required to produce the first
observable features was taken as the characteristic
time. It is important to note that the time required to produce the cylindrical
structures at the PI/ODMS interface was about one hour, neady 50 times faster than
the time needed to produce the columns in the single film case. Additional
experiments on OS/air and OS/ODMS bilayers showed essentially the same
behavior, with <4y-,y> = 12.7±2.8 jum for OS/air and <dcyi.cyi> = 7.6±2.9 /xm of
OS/ODMS.
Theoretical Model
The central finding of the experiments presented is a reduction of the length
scale of dynamical instabilities induced by an electric field and the pronounced
reduction in the time to generate the features when the liquid/air interface is replaced
by a liquid/liquid interface. A reasonable starting point for the discussion of the
dynamical instability is the pressure distribution along the interface itself. Similariy
to the case of a thin liquid film mounted between parallel capacitor plates leaving an
air gap,''^ following previous work the overall pressure at the interface can be
written as:'"^'^
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P2=Px- y^2-J^ + + A/,,(A/2) (1)
where /?, is the pressure in medium / having thickness he the second term is the
Laplace pressure, arising from changes in interfacial energy contribution due to
changes in the interfacial ai'ea, Ah is the local displacement of interface position,^^,
is the electrostatic pressure and pdis is the disjoining pressure.
To evaluate eq (1) let the origin of the coordinate system be located at the
interface between the liquid layers, such that at t^O the interface is located z=0. The
system is bounded at z=hi and z=h2 (h2 < 0), where h=
-hi and d-h= hi. Local
changes in the thickness of the layers are given by Ahi=hi-Ah and Ah2=Ah-h2.
The disjoining pressure p^i,- is given as
~
z:^ 3 7 . , s 3 (2)
67l}^^ 67l{-h^)
Table 2.L The physical constants of liquid oligomers and polymer
OS PI ODMS
Y (mN/m) 39 32 20
e 2.5 2.37 2.93
Mn 580 40,000 commercial
grade
r\ (Poise) 15 400 0.1
44
Table 2.2. The characteristics of the polymers
Poljroers PDMS PS PMMA PSBr Ctr o
Cg/mol)
•n^io.ooocs
I
30.300
/96,000
27.000 65.000
(mN/m) 39 33
2.46 2 95 5.24 4.09 2.95
1.406 1.591 1 490 1.784 1 591
Tg CO (°C) -127 100 105 120 100
(a) Molecular weight.
(b)Interfacial tension Yizor surface tension y at 170°C.*^
(c) Dielectric constants at 170°C. The dielectric constant of PMMA at 170^C was
found to be 5.3 in the measurement by Mazur/ which is consistent with our
measurement.
(d) Refractive index.
(e) Glass transition temperature
where each of the two terms describes the dispersive vdW interaction between an
electrode and one of the liquids through a thin layer of the other liquid. The Hamaker
constant Ai and A2 can be readily calculated on the basis of the Lifshitz theory of
vdW forces. Since hj and -/12 are large in these studies, pdis is negligible in
8 9
comparison to pei and the Laplace pressure and, therefore, will be neglected. ' The
electric field in the capacitor system is given by
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e^Mi^ + £,Mi^ [ij = l,2;i^j) (3)
Where U is the apphed vohage and f, is the dielectric constant of medium /. For the
initial stage of the instability, when the wavelength of the instability X is much larger
than Ah, the electrostatic pressure is,
P^i = ~^ofe -^i)E,E2 (4)
where eo is the permittivity in a vacuum. It should be noted that this scalar
approximation of the electrostatic pressure holds only for the early stages of
fluctuation growth, as treated within the framework of the linear instability analysis.
Similar to the model calculations of Vrij,'° Brochard et al." '^ and Schaffer et al.' ^ a
linear stability analysis, which assumes small height fluctuations at the liquid/liquid
interface of the form Ah{x,t) = Be""e" \ will yield the fastest growing mode of
waves in the system. Here, q is the wavenumber, is the growth rate, and B is the
amplitude. The modulation of the interface gives rise to a pressure gradient, which
induces a lateral flow J of material. The detailed flow behavior of the coupled system
strongly depends on the ratio of the viscosities of the two liquids, r]j and 772. '^'"^ The
flux J can be readily obtained from /, =
^f,'^x.i^^
-
^^'^x,!^^ using the
boundary conditions 2^ =^^2)= ^ , v^,(^-^)=0' = 0)= = 0)
dv , dv 2
r]^ - — where v^^i is the lateral fluid velocity in medmm /. This
dz z = Ah dz z=^h
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Figure 2.1. a) Optical microscopy image of a thin liquid film of polyisoprene b)
Optical microscopy image of a bilayer of polyisoprene and oligomeric
dimethylsiloxane annealed for 2 days in an electric field {d-h = 940 nm, h = 140 nmV= 20 V). In both figures the original color images were converted to greyscale The
dimensions of the images are 528 jitm by 692 ixm.
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yields
/ =
(/,; = 1,2;/ ^ j)
(5)
Assuming two incompressible liquids coupled by the continuity equations
dx dx (6a)
dAh
^
3/ 23.
0 (6b)
which show the relationship of flow within the two layers, a differential equation
describing the dynamic response of the interface is obtained. In the linear
approximation, the dispersion relation
3C(rj)
4 2
(7)
is found where C( rj) contains all terms involving viscosity, and is given by
(8)
The fastest growing wave number, corresponding to the maximum in eq (7),
is given by
2
_
^0(^2 ^i) /p p Y2 (9a)
The fastest growing wavelength is found from
'^max
= 2;r/^^, = 271. (9b)
The characteristic response timew is then given by
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(-^1/^2)2^0(^2-^,) te^.)
Consequently w is proportional to j^;2 as would be expected.'^ If we wish to
compare the liquid-liquid case to the liquid-air case presented previously' eq (10)
can be rewritten in terms of the fastest growing wave number defined in eq (9a). By
substitution we get
3C{rj) .
''max - 3 ^max (11)
In the limit of rii«'n2, , the instability is dominated by the medium with the higher
viscosity. In the case where t1i=0, ei=l and Yi2=Y (the surface tension of component
2), the equations reduce to the polymer/air case previously described by Schaffer et
1 2
al. ' The model calculations presented describe only one specific case (comparable
to the experimental conditions) but it should be noted that other, more general,
theoretical developments have been published by others'^"'^ that include cylindrical
bilayer configurations, gravity contributions, convection effects, and interfacial
charge effects.
A comparison of experimental results to theoretical values calculated from eq
(9b) shows qualitatively good agreement. The model calculations yield
Anox = 32.47 /xm for the Pl/air interface and 17.27 /xm for the PI/ODMS interface,
which can be compared to the experimental values of 47.4 jiim and 20.6 fim,
respectively. While experimental values are slightly higher than those predicted, both
theory and experiment show a reduction of the length scale by roughly a factor of
two. Also, for the OS/air and OS/ODMS experiments, the model calculations and
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experimental values agree reasonably well, giving values of A,„^= 13.75 /xm and
12.94 [im, and 12.7 fim and 7.6 iim, respectively.
The dependence of on the dielectric constant difference between the
liquids, i.e. Ae = Ei - £2, while keeping other variables constant, is shown in Figure
2.2 (dashed line, left and top axis). A,„ax diverges at the point where the dielectric
constants of the two media are equal, i.e. Ae = 0. This is understandable since the
polarizabilities of the liquids are equal and the electric field does not exert any
pressure on the liquid/liquid interface. By increasing the difference between two
dielectric constants, a slow decay of the preferred wavelength is observed. However,
decreasing A,nM significantly is not possible by simply modifying the dielectric
constant or increasing the applied voltage - keeping in mind that the static dielectric
constants of typical materials range between 1 and 80, and that dielectric breakdown
defines an upper limit for the applied voltage. The solid line (left and bottom axis) of
Figure 2.2 illustrates a simple route to achieve smaller sized structures. These results
show the scaling of A,nax as a function of the interface or surface tension. Figure 2.3
shows the model calculation of A,nax as a function of the geometry ratio ho/d, where
A,„ax is seen to be substantially reduced in liquid/liquid bilayer in comparison to
liquid/air single layer. It is seen that A,najc °= • ^ well-known strategy to reduce
Y12 is addition of a small amount of a diblock-copolymer that segregates to the
liquid/liquid interface'^"^'. Similariy, one can achieve an effective reduction of the
surface tension of a single layer by placing a surfactant at the liquid/air interface.
Studies are underway in the group to determine the minimum achievable A,nax by this
route.
50
One consequence of the reduction in i,,,,, for the bilayer is the dramatic
decrease in time required to ampHfy fluctuations. Intuitively, one would expect that
the presence of the second viscous medium would slow the growth of fluctuations
substantially. On the contrary, the opposite is found. Eq (II) relates the characteristic
relaxation time w to C( fj), a term containing the viscosities, /l„,^,, the characteristic
wavelength, and
r,2. the interfacial tension. Consider, now, Qtj) in terms of a
viscosity ratio r = fjjrj,
.
If h=hi=-h2, i.e. the layer thicknesses are equal, and Ti2=ri,
then
c(,j)=^L!J±:±!i (12)
1 +r
If r=0, i.e. Tj,=0 (thin film case) or T]]«t]2, then C(T])=t] and A„,ax reduces to the
result shown by Schaffer et al. for a thin film with air.''^ In the opposite extreme,
r=7, i.e. T]i=t]2=Tj, then C( tj)=8t], representing an effective eight-fold increase in the
viscosity. Consequently, A,„ax would decrease by a small amount and Wv should
increase by a factor of 8. The observation of the 50 folds reduction in the
characteristic time is in disagreement with this, as seen just by looking at eq (10). If
we compare instabilities with the same q vector, in going from the single layer to the
bilayer case, C{r[) increases and Y12 decreases. From eq (1 1) it is seen that this should
lead to an increase of Xmax- For the case of (PI/PDMS), C(r|) is increased by a factor
of 1.01 and Y12 decreases by a factor of 10, yielding a combined increase in x of 14.
Now, q increases by a factor of 1.9 or q'* increases by a factor of 13.0. Together,
these factors should cancel each other, meaning that the growth rate of the
instabilities in the PI single layer and in the PI/PDMS double layers is approximately
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Figure 2.2. Variation ol the instability wavelength with the dielectric constant
difference Ae = e, - e,, while keeping all other parameters constant (/», = 94()nm
-/i2=14()nm, V=20V, e,= \, ;/= 32 niN/m), as predicted by the model
calculations, (dashed line, left and top axis). Variation of the instability wavelength
^mwc with y,2 the interfacial tension at the interface between media 1 and 2, while
keeping all other parameters constant (///=940nm, //.^UOnm, V=20V,
£•/ = 2.93, £2 = 2.37), as predicted by the model calculations (solid line, left and
bottom axis). The open and solid diamonds show the measured value of <^/cyi.cyi>
and the predicted value of A,,,,,,, coiTesponding to Figure 2.1 (a) (PI single hiyer).
The open and solid circles are <f/cyi.cyi> and A conesponding to Figure ^ 1 (h)
(PI/ODMS bi layer).
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the same (w = 0.27 h for the Pl/air case and w = 0.22 h for the PyODMS case).
However, the time at which features are observed in the bilayers case is nearly 50
times shorter than that seen in the single layer case. The exact origin of this
discrepancy is not known at present. However, the arguments presented here are
valid only for the early stages of growth. Late stage which govern the formation of
columns (the experimental observable), require a much more detailed analysis.
Structure Formation at Liquid/Liquid Interface
An optical micrograph of the 550 nm PS/ 570 nm PDMS bilayer after one
day under a 50 V is shown in Figure 2.4 (a). In the case of polymer/air system,
where the refractive index difference between polymer and air is rather large, the
formed structures have good optical contrast through ITO cover slide (I ~ An^).
However, since the refractive indices of PS and PDMS are 1.591 and 1.406,
respectively, the optical resolution is rather weak. The autolevel, auto contrast and
the conversion to gray scale are done to improve the optical contrast (Adobe
Photoshop 5.0). On the other hand, this indicates the system is "pure" PMDS/PS
bilayer with no air gap above it. In contrast, the images with good optical contrasts
can be observed in air/liquid 1/liquid 2 trilayer system, which will be discussed in
detail in chapter 3. Columns of PS through the upper PDMS layer are evident in the
micrograph in 550 nm PS/ 700 nm PDMS bilayer after one day under a 50 V in
Figure 2.5. The formation of the cylindrical structures at the interface is clearly seen.
A 2D Fast Fourier Transform (FFT) of the optical micrograph is shown in the inset.
The appearance of a ring in the transform indicates that there is a well-defined
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Figure2.3. Model calculation of the instability wavelength as a function of the
geometry ratio ho/d in 30 V. (a) ej = l, ^2 = 2.95, r= 33 mN/m; (b) £, = 5 24
£2 = 2.95, r= 1.2 mN/m.
'
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center-to-center distance between adjacent PS columns of PS of 13.0 ^im. From the
micrograph the distribution of the center- to-center distances of adjacent columns was
determined and is shown in Figure 2.5 (b). As seen, the average separation distance
is 12.9 ^im, with a full width at half maximum (FWHM) of 1.86 \im. The average
diameter of the PS columns determined from the optical micrograph is 8.6 ± 0.5 ^m.
After removing the upper PDMS layer with heptane, AFM was used to
examine the surface of the underlying PS layer, i.e. the interface between the PDMS
and PS layers. Shown in Figure 2.5 (c) is the AFM image of the PS surface obtained
in the height mode. As seen, columns of PS have been produced by the electrostatic
pressure acting on the original PDMS/PS interface. The average size of the columns
is 8.5± 0.3 |xm with an average center-to-center distance between adjacent PS
columns of 13.0 ± 1.0 |Lim. Shown in the inset is a 2D FFT of the AFM image. The
six spots evident in these data indicate that, locally, there is a hexagonal symmetry in
the lateral arrangement of the columns.
In a foresaid discussion, the electrohydrodynamic instability at the interface
between two polymers under an applied voltage U across two electrodes separated
by a distance d causes an amplification of fluctuations of a characteristic wavelength
A,nax The A,„ax in eq (9b) can be rewritten as^^
A- 2"
1 1
u\
£2 £\
(13)
where d-h and h are the film thicknesses of polymer 1 and polymer 2 with dielectric
constants Ei and 62 , respectively. Y12 is the interfacial tension between polymer 1
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Figure 2.4. Optical micrograph of a PS (hps =550 nm) / PDMS (h,oMs =570 nm)
bilayer exposed to 50 V at 170°C for one day. The image size is 531x398 ^m^ (aThe onginal color images; (b) black/white image obtained by auto leveled and
contrasted, and then converted to a grayscale to enhance the weak contrast.
(a)
(b) 1
3
i
i
m
'4
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and 2, and eo is the dielectric permittivity in vacuum. Substituting the relevant
parameters for the PDMS/PS bilayer case into eq (1) yields a charactenstic distance
of 15.8 ^im, which agrees well with the 12.9 \im value measured experimentally.
In a second set of experiments, the upper PDMS layer was replaced by a
PMMA layer to form PS/PMMA bilayer. Since the interfacial tension between PS
and PMMA (Yps/PMMA=1.2mN/m at 170°C) is smaller than that for a PS/PDMS
bilayer, (Yps/pdms = 6.1mN/m) at any given temperature,^ then, from eq (13), it would
be expected that the characteristic wavelength X would decrease. Shown in Figure
2.6 (a) is the optical micrograph of the PS/PMMA bilayer after one day at 170 °C
with 30 V applied after selectively removing the upper PMMA layer. Direct images
of the bilayer without removal of the upper layer were not easily seen, since the
refractive indices of PS and PMMA, 1.591 and 1.49, respectively, are very similar.
The 2D FFT shown in the inset exhibits a ring, indicative of a well-defined
separation distance between the features at the interfaces. Analysis of the optical
micrograph yields an average diameter of the columns of 1.7 ± 0.3 \im. The
distribution of the center-to-center distance between the columns, shown in Figure
2.6 (b), exhibits a maximum at 4.0 [im with a FWHM of 0.7 |^m. Shown in Figure
2.6 (c) is an AFM height image after removal of the PMMA layer by rinsing with
acetic acid. Rather than columns, however, the AFM image shows that the features
are holes penetrating through the PS film. This results, primarily, from the thickness
of the individual layers. Here, the underlying PS layer was much thicker than the
PMMA overlayer. Consequently, in this case, PMMA columns form within the PS
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Figure 2.5. (a) Optical micrograph of a PS (hps =550 nm) / PDMS (hpn^s =700 nm)
bilayer exposed to 50 V at 170°C for one day. The image size is 438x398 |im' The
original color images were auto leveled and contrasted, and then converted to a
grayscale to enhance the weak contrast due to the small refractive index difference
between PS and PDMS. The inset shows the 2D fast Fourier transform (FFT) pattern
of the corresponding optical micrographs, (b) The distribution function of the center-
to-center distance between adjacent columns, (c) The 3D AFM height image of the
PS/PDMS bialyer after removal of the upper PDMS layer with heptane. The 2D FFT
of the AFM image is shown in the inset.
I
.^S^V.'/.^V.. .V.\-<-.V.V.S-.V. .'^i>i.V.-V.\'. .ViVrV.".V.ViV.V/. .-. .ViVn'. .v. .'>-. .V.V.. . . '.v. .-. .V.V. iV.V.V.V^.V..-.Wi ^.V. .v.-. .-.v..'. v.Vrt. .v
Continued on next page
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Figure 2.5, continued
^13
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layer. From eq (13) X=2.8 ^im which is in good agreement with the value determmed
experimentally.
Experiments on PMMA/PDMS bilayers showed essentially the same
behavior as that of the PS/PDMS bilayers. The film thickness of underlying PMMA
layer was much thinner than that of the upper PDMS layer, therefore the PMMA
columns were obtained. It should be pointed out that since the refractive index
difference between PMMA and PDMS is quite small,
-0.08, the cylindrical
structures at the PMMA/PDMS interface were barely visible with an the optical
microscope. After removing the PDMS layer with heptane, both optical microscopy
and AFM were used to characterize the surface of the undedying PMMA. While
numerous experiments were done on this bilayer, results from one experiment will be
cited. This bilayer, under 19 V for one day, an average column diameter of 3.0 |im
was found with and average center-to-center distance of 10.5 |Lim. When the film
thickness of two layers are equal, the interconnected structures might be obtained.
Figure 2.7 shows an example of an observation in the PMMA/PDMS bilayer
experiment.
The characteristic wavelength, X, of fluctuations at the interface that are
amplified by the applied electric field depends upon the sample geometry, the
applied field, and the dielectric constants of the materials. These parameters are
explicitly shown in eq (13). We can define a reference wavelength and electric field
as follows:
Ao =
^'^ (^1-^2) (14)
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^" ''P^*''''
microscope image of PS/PMMA bilayer after removing the
upper PMMA layer with acetic acid. The bilayer system held under 30 V at 170°C
^^^'^^^ T^he initial film thickness of PS andPMMA were 730 and 290 nm, respectively. The inset shows the 2D fast Fourier
transform (FFT) pattern of the corresponding optical micrographs, (b) The
distribution function of the center-to-center distance between adjacent columns (c)
An AFM height image together with a cross section of the bilayer after removal of
the upper PMMA layer. The 2D FFT of the AFM image is shown in the inset
1
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Figure 2.6, continued
and E ^
' X, (15)
Using these we can define a reduced wavelength and field by dividing \ and E by Xo
and Eo, respectively. For the reduced wavelength we have:
X
(16)
where E, and E2 are the electric field strengths in layer 1 and 2, respectively. By
replacing 61 with 1.0, E2 with Ep, the dimensionless variables, can be reduced to the
polymer thin film case investigated by Schaffer et al.^'^
A master curve where the reduced wavelength X/A,o is plotted as a function of
the reduced field strength —'-y- is shown in Figure 2.8. Shown are experimental
^0
data obtained from different experiments where the geometry of the system, the field
strengths, and the polymers have been varied. In addition, data from previous
experiments on single polymer layers are included. The solid line in the figure is the
theoretical reduced wavelength as a function of the reduced field strength using no
adjustable parameters. As can be seen, there is excellent agreement between
experiment and theory over four orders of magnitude in the reduced wavelength and
reduced field strength.
The derivation of eq (13) uses a linear approximation in treating the
amplitude of fluctuations at the interface. Consequently, eq (13) should only be valid
at the early stages of fluctuation growth and not, necessarily, at the latter stages of
the process which includes the results shown here. Shown in Figure 2.9 are a series
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Figure 2.7. An observation of the interconnected structures at PDMS/PMMA
mteiface after exposed to 25 V at 170°C for a day after selectively removal of upperPDMS layer, (a) Optical micrograph (b) & (c) 2D and 3D AFM height images
(a)
Continued on next page
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Figure 2.7, continued
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of AFM height images characterizing the development of structure at the interface of
a PMMA/PDMS bilayer with 19 V applied at 170T at different times. Each of the
images was obtained on different bilayer samples where the upper PDMS layer was
removed with heptane. Figure 2.9 (a) shows that the initial interface was featureless.
With time, fluctuations having a well-defined lateral wavelength are seen to emerge
(Figure 2.9 (b)). The 2D FFT of this image, shown in the inset, exhibits a maximum
characteristic of a wavelength or average center-to-center distance of 10.5 jim. As
time progresses, the amplitude of the fluctuations increases, the fluctuations become
sharper and well-defined and begin to show a lateral order, and instabilities that give
rise to the formation of columns appear (Figure 2.9 (c)). The 2D FFT of this AFM
image, shown in the inset, exhibits a maximum corresponding to an average center-
to-center distance of 10.5 [im, the same spacing seen at earlier times. The surface of
the PMMA after the formation of PMMA columns that extend to the upper electrode
is shown in Figure 2.9. Contact with the upper electrode is evidenced by the
flattened top of the columns and a well-defined lateral ordering is evident. The 2D
FFT shown in the inset exhibits a maximum corresponding to a cent-to-center
distance between adjacent columns of 10.5 jim, the same as that seen at earlier times.
The preservation of the characteristic distance throughout the growth of the columns
justifies the comparison of the results obtained at later times to the linearized
theoretical predictions. However, this does not hold true for the characteristic times
describing the kinetic growth of these structures. As discussed earlier, discrepancies
between the predicted times and those observed, based on the late stages of growth,
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Figure 2.8. The master curve of the typical distance X in varieties of thin film and
bilayer expenments as a function of the electnc field strength in the layer 1 and layer
2. The different symbols corresponded to ten data sets: PS/PMMA bilayer with
hps = 730 nm, (d-hps)pMMA =290 nm, U=30 V; T PMMA/PDMS bilayer with hpMMA
= 180-290 nm, (d-hpMMA )pdms =690-1030 nm, U=19-50 V; * PS/PDMS bilayer
with hps = 305 nm, (d-hps)pDMs =400 nm and 720 nm respectively, U=50 V-
PS/PDMS bilayer with hps = 550 nm, (d- hps)pDMs =570 nm and 700 nm respectively,
U=50 V; O PSBr/air single layer with hpsBr= 740 nm, d =1.66-1.98 ^im, U=20-60 v!
• dPS/air single layer with hdPs = 530 nm, d =1.06-1.85 [im, \]=30 V, T, V
, and
were the measurements from reference 20, which corresponded to PUair thin film,
PI/ODMS bilayer, OS/air thin film and OS/ODMS bilayer systems respectively. The
straight line was calculated based on the eq (16) with a slope of -3/4.
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are seen due to our inability to characterize the kinetics of the growth
22
quantitatively. These studies are currently in progress using fluorescent confocal
microscopy and will be discussed later.
The quantitative agreement between experiment and theoretical predictions in
the master curve of Figure 2.8 shows that by controlling the sample geometry, the
applied fleld or the interfacial energy, the size scale of the fluctuations can be
controlled or manipulated. For a given geometry, polymer pair and field strength,
reducing the interfacial tension provides a route to decrease the size scale of the
fluctuations. Smaller size scale fluctuations that produce a larger interfacial area,
can be amplifled if the interfacial tension is reduced. It is well known that the
addition of block copolymers that segregate to the to polymer/polymer interfaces
reduces the interfacial tension and, hence, provides an easy route towards structures
that are hundreds to tens of nanometers in size. In the case of thin polymer films, a
surface active agent should cause a similar effect. With fixed interfacial energies,
increasing the electric field provides the easiest route to control the lateral length
scales of the fluctuations. By combining both these effects the characteristic lateral
length scale of the fluctuations can easily be placed in the nanscopic level. By
changing the relative thickness of the two layers, either columns or holes can be
produced that have lateral length scales defined by the linearized theoretical
arguments. Finally, it should be pointed out that polymers offer a unique advantage
over low molar fluids, since the structures produced by the applied field can be
frozen-in by quenching below the glass transition temperature.
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Figure 2.9. A series of AFM height images as a function of time of a PMMA/PDMS
bilayer after removal of the PDMS layer (hpMMA = 220 nm, hpoMs = 890 nm) with 19V applied with heptane. The insets show a FFT of the images. The time sequence of
the images correspond to the (a) initial interface, (b) initial stages of fluctuation
growth, (c) amplification of fluctuations, and (d) the impingement of PMMA
columns on the upper electrode.
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Figure 2.9, continued
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Conclusions
We have extended earlier studies of field-induced structure formation
single layer liquid films to include the more general case of a bilayer. An electric
field applied normal to polymer interface was shown to enhance fluctuations which,
eventually, led to the growth of columnar structures. Initial experiments show,
consistent with an extended model, a reduction of the characteristic length scale of
fluctuations at the liquid/liquid interface. However, a marked decrease in the time
constant was found in the contrast to the simple model.
A master curve, using no adjustable parameters, was shown to describe the
results from a wide range of systems over many orders of magnitude in reduced fleld
strength and distance. The applicability of the linearized theory to describe the
lateral length scales of the fluctuations from the early stages of amplification to the
formation of columnar structures was shown. Clear routes have been shown by
which the size scale of the structures can be manipulated over many lengths scales
ranging from the microscopic to the nanoscopic. Calculations also indicate that a
further decrease in the size scale is possible by a reduction of interfacial tension
between the two media by placing surfactant at the liquid/air interface or adding
small amount of copolymer as a "buffer" layer at the liquid/liquid interface.
Our process is quite simple and cheap. If one liquid is conductive polymer,
the other one is insulated or semi-conductive polymer, circuits can be produced in a
one-step process. We anticipate many applications.
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CHAPTER 3
ELECTRIC FIELD INDUCED DEWETTING AT LIQUID / LIQUID
INTERFACES
Introduction
The stability and homogeneity of thin films and multilayer structures is of
interest both academically and technologically/"''^ If liquid A dewets a solid substrate
B, such as a Si wafer, Young's construction shows that the shape of the dewetting
droplet depends on the surface energies of the polymer and substrate and the
interfacial energy. If the lower substrate is liquid, such as an amorphous polymer
above its glass transition temperature, the interface between liquid A and liquid B
will be deformed to minimize the interfacial energy between A and B in accordance
with the Npuman construction. If a liquid is spread on a surface it does not wet and
the resulting film is metastable, then, with time, dewetting will occur, de Gennes,
Brochard and Joanny theoretically investigated the dewetting dynamics at the
liquid/liquid interface in great detail. ^'^'^
Lambooy et al.'^ investigated thin PS films on PMMA as a function of the
molecular weight of PMMA at 170°C, and qualitatively compared their experimental
results to the Brochard theory.^ By varying the degree of coupling of the flows in the
two layers, deformation at the PMMA/PS was found to decrease with the increasing
PMMA molecular weight or viscosity. Qu et al." examined the dewetting of PS on
PMMA at 162°C and quantitatively compared their experiments with theory. The
dewetting velocity scaled inversely with the PS molecular weight and three growth
regimes, as predicted by Brochard et al.,^ were observed. The earlier theoretical^'^
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and experimental studies'" " indicated that the flow of the dewetting Hquid A
couples into the substrate layer B due to a non-slip boundary condition at the A/B
interface, as schematically shown in Figure 3.1. For a low enough viscosity of the
lower liquid layer, the high viscous stresses at the contact line lead to a wave front at
the liquid/liquid interface that precedes the dewetting front.
All of these studies focused on systems driven dominantly by differences in
the interfacial energies. Electric fields,'^"^^ on the other hand, have been shown to be
an effective means of overcoming interfacial interactions to produce highly oriented
arrays of nanoscopic structures.^°"^^ Electric fields also have been used to induce
instabilities at the liquid/air surface of a thin film, producing ordered lateral
structures.
^^'^'^^ The calculations of Schaffer et al.^^'^^ indicate that the instability
exhibits a well-defined lateral wavelength that follows a power-law dependence on
the applied electric field. Experiments on films between parallel capacitor plates with
a well-defined air gap showed good agreement with theory.^^'^^ Herminghaus
theoretically predicted a dynamical instability of a dielectric layer between
conductive media^^ and showed that electrostatic pressure can overcome dispersive
forces and amplify surface fluctuations. The more general case of a liquid/liquid
27 28
bilayer confined between two solid electrodes has been discussed by Lin et al. ' In
general, the model calculations show a means by which the amplification of
fluctuations at an interface can be used to tune the size scale of self-assembled
structures from the micron to sub-micron level.
Here, a systematic study on the influence of an applied electric field on two
interfaces in a polymer bilayer is discussed. One interface is between the two
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polymer layers whereas the second interface is at the air surface. As in the thin film
case, the electrostatic pressure generates columns of polymer comprising the upper
layer that extend to the upper electrode surface. However, the flow in the upper layer
required to generate the columns, coupled with the flow in the underlymg liquid,
produces a deformation at the polymer/polymer interface. With time, this
deformation is expected to increase, drawn upward along the outside of the primary
polymer cylinder by the electrostatic pressure. The extent of this deformation was
measured as a function of the ratio of the molecular weights of the two polymers and
the electric field.
Experimental
Materials
Poly(methyl methacrylate) (PMMA) and polystyrene (PS) were purchased
from Polymer Laboratories LTD. The relevant material parameters of the three
polymers are given in Table 3.1. Conductive indium-tin-oxide (ITO) microscope
slides were purchased from Delta Technologies (25x50x1. Imm^, Rs<100Q).
Sample preparation
Figure 3.2 shows the sample configuration used in this study. A thin film of
PMMA was spin coated onto a freshly cleaned Si substrate. The fllm thickness was
228 nm for PMMA-95k and 182 nm for PMMA-27k. A thin film of PS-96k was spin
coated onto a clean glass slide having a film thickness of 284 nm. The PS film was
floated onto a pool of deionized water and transferred onto the PMMA layer to form
the PMMA/PS bilayer. This bilayer was then heated to 60°C under vacuum for 2
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days to remove residual water and entrapped air. All film thickness were measured
with a Rudolph Research AutoEL®-n ellipsometer usmg a helmm-neon laser
(k=632.S nm) at a 70° incidence angle.
A small air gap, controlled by evaporating silicon oxide rails of a specified
thickness onto the ITO microscope slides (the upper electrode), was then used to
separate the PMMA/PS bilayer from the ITO glass.'' Typically, the spacing between
the electrodes was not constant, but the samples exhibited a wedge geometry (i.e. the
height varied by several ^m over a lateral distance of 1cm). After annealing at i70°C
under N2 for one day at various applied voltages, the samples were quenched to room
temperature before removal of the applied field. The experimental parameters of the
samples used in the experiments are given in Table 3.2.
To examine the polymer/polymer interface, the upper PS layer was removed
by washing with cyclohexane for 5h, followed by ultrasonic cleaning in cyclohexane
for 30min. Subsequently, the sample was placed in another cyclohexane bath for 5h.
Finally, the sample was rinsed with de-ionized water and dried in a vacuum oven at
the room temperature.
An experiment was also performed to examine the influence of an applied
field on the dewetting velocity and the dynamic contact angle. Here, in situ optical
microscopy studies of the PMMA-95k/PS-96k/air system in the absence of an
applied field were performed at 170°C. The dewetting of PS-96k on PMMA-95k was
allowed to proceed for 24h whereupon 60V was applied for another 24h.
Optical microscopy (OM) studies were performed in reflection mode using
an Olympus BX60 microscope. Atomic force microscopy (AFM) studies were done
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Table 3.1. Material parameters of the polymer used
Polymer Molecular
weight Mu?
Poly-
dispersity
[Mw /Mn)
Dielectric
constant^
e
Viscosity*
'n
(KPa S)
Surface '
tension y
(mN/m)
Intcr&cial
tension
PMMA 27 1 1
1
0.3
13
28.9
PMMA 95 1.04
11
PS 96 1.04 2.95 13 27.8
'at 170"C, extrapolated from ref.
with a Digital Instruments D3100 scanning force microscope in the tapping mode.
Silicon nitride tips on cantilevers (Nanoprobe^^) with spring constants from 29.3 to
63.9N/m were used.
Results and Discussion
The sample setup of the air /liquid I /liquid 2 trilayer is shown in Figure 3.2.
Since the two capacitor plates were not parallel, but varied by several |Lim over a
lateral distance of -1cm, several different instabilities of the liquid 1 layer can be
observed on the same sample:
l.For very large electrode spacings, the double film was predominately stable, except
for isolated dewetting holes.
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Table 3.2. Sample list
Sample ^
numoer
Polymers ! Mw ~T
(kDa)
Layer
thicknes
s
(nm)
V
Average
electrode
spacing
Applied
j
voltage
(V)
Shown in
Figure
1 PMMA/PS 95/96 228/284
228/284
1.7
1.7
0 4.5
2 PMMA/PS 95/96 30 3. 5. 6.
7.8
3 PMMA/PS 95/96 228/284 1.7 60 5.8
4 PMMA/PS 95/96 228/284 1.9 30 8
5 PMMA/PS 95/96 570/284 2.1 60 8 inset
6 PMMA/PS 95/96 570/284 2.5 60 8 inset
7 PMMA/PS 95/96 570/284 2.8 60 8 inset
8 PMMA/PS 27/96 182/284 2.1 0 5
9 PlvIMA/PS 27/96 182/284 2.1 60 5,8
2.For intermediate electrode spacings, an undulatory instability of the liquid 1
surface with a characteristic wavelength is observed (see Figure 3.3 (a), bottom left).
3.At small enough electrode spacings, an electrohydrodynamic instability caused the
formation of liquid columns. This instability is accompanied by the dewetting
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Figure 3.1. Dewetting at the liquid-liquid interface. A flow of the dewetting liquid A
couples viscously to the substrate layer B at the A/B interface.
Figure 3.2. Typical sample configuration in this study. The air / Polystyrene(PS) /
Poly(methyl methacrylate) (PMMA) system was sandwiched between a highly
polished and doped silicon wafer (lower electrode) and an ITO microscope slide
(upper electrode). The distance between the two electrodes was controlled by
evaporating SiOx as a spacer (at the edges of the slides on top of the ITO). Typically,
the electrode spacing varied by a few micrometers over a lateral distance of approx.
1 cm. The structure formations of the system under an applied electric field (OV, 30
V and 60 V) was studied by optical microscopy in the reflectance mode. After
removal of the top electrode, the sample was imaged by atomic force microscopy.
/ Microscope Objective
- ITO glass
±_u
PMMA
- Si Substrate
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of the liquid 1 on top of liquid 2. Both, the nucleated and spinodal instabilities are
observed (see Figure 3.3 (a) center and top right, respectively).
A summary of the experiments performed in this study is given in Table 3.2. We
start with large capacitor spacings and sequentially discuss the expenmentally found
morphologies as the electric field is increased. Rather than carrying out a time series
with a constant applied field (which limits us to an optical investigation of the
sample only), the use of a wedge geometry is an alternative way to observe (in a
quasi static manner) the way how the instability forms with time, since the onset of
the instability scales with the sixth power of the electric field in the polymer film.^^
Dewetting at the Liquid/Liquid Interface at Low Electric Field
For large plate spacings (Figure 3.2 left), the influence of external electric
fields on the characteristics of the dewetting was investigated. A constant potential
was applied between the Si wafer and the ITO glass slide, as schematically shown in
Figure 3.2. Subsequently, the samples were annealed as dewetting and growth of the
holes occurred. Two different PMMA/PS bi layers were used and two different
voltages were applied, corresponding to samples 2, 3, and 9 in Table 3.2. As a
reference, identical samples were annealed in the absence of an applied potential
(samples 1 and 8).
The optical micrograph in Figure 3.4 (a) shows two dewetting holes in a thin
liquid layer of PS-96k on top of PMMA-95k (sample 1) that are impinging onto one
another. With time, the diameters of the isolated holes increase, driven by the
imbalance of the interfacial and surface energies. The influence of flow in the upper
81
Figure 3.3. (a) An optical microscopic image of sample 2 (30 V) in the configuration
shown m Figure 2. The image size was 212x212|iml (b) The corresponding 3DAFM image shows the columns of PS-96k on top of a PMMA-95k layer
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PS layer during dewetting on the lower PMMA layer can be examined by removing
the PS layer with cyclohexane, a selective solvent for PS. The mset to the left in
Figure 3.4 (b) shows a tapping mode atomic force microscopy (AFM) image of the
sample before removal of PS, whereas the inset on the right shows the same area
after removal of the PS with cyclohexane. Superposed line scans of these images are
shown in Figure 3.4 (b). Deformation of the PMMA/PS interface is evident in the
vicinity of the 3-phase contact line.
Following the procedure by Lambooy et al.,'° the extent of the deformation
can be characterized by the height h, i.e. peak to baseline distance, and full width at
half maximum (FWHM). Figure 3.5 shows the variation of h and FWHM as a
function of the ratio of the molecular weights of the two polymers. Both h and
FWHM increase with an increase in the ratio of the molecular weights. Thus, the
coupling of the flows in the two layers increases with a greater mismatch in the
molecular weight of PMMA and PS. A comparison of the data in Figure 3.5 to that
obtained by Lambooy et al.,'^ who studied the characteristics of dewetting for the
same system, shows reasonable agreement for the functional dependency of the
height. However, differences are seen in the full width at half maximum (FWHM).
While the general trend is the same, the data obtained by Lambooy et al.'° are
consistently lower than the data obtained in this study. This difference arises mainly
from the greater thickness of the PMMA layers used in this study (182 nm, 228 nm)
as compared to 95nm used by Lambooy et al.'^''^*
A comparison in Figure 3.5 of data obtained in the presence or absence of an
electric field show no systematic deviations. For this eariy stage of dewetting (i.e. for
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rim heights that are much smaller than the electrode spacing), no time dependence of
either the dewetting velocity or the contact angle was observed by in situ optical
microscopy. This was confirmed by a control experiment, where the sample was
first annealed for 24h at 160°C m the absence of an electric field, with subsequent
annealing for 24h with 60 V applied. This is in contrast to electrowetting
experiments,''^-^^ where drop spreading is strongly modified by the electric field. The
difference is due to the different electrostatic boundary conditions (a parallel plate
capacitor geometry as opposed to a charged conducting liquid on a planar substrate),
combined with a small value of the contact angle of the dewetting rim (-2.5°).
More quantitatively, we can estimate the relative strength of the electrostatic
foi^ce acting at the dewetting rim. The electrostatic pressure at the interface, which
operates against the Laplace pressure and viscous forces can be obtained by taking
the derivative of free energy stored in this capacitor system.^^"^^ It is given as
FW
,
PS I air
A dh ~ y ^PS
^ ^air ) U
)
where Sps^PMMA^d -h,, - /^^mJ + ^./r^™M^^P5 ^ ^a.^pshpMMA) ^ U, 80, eair,
Eps, EpMMA are the appHed voltage, the permitivity in vacuum, the dielectric constants
of air, PS, and PMMA respectively, d, hps and Hpmma are the separation distance
between the two electrodes, the film thickness of PS and PMMA respectively.
This has to be compared with the capillary force per unit length that favors
dewetting
K,,=\rPs(0!-0") (2)
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Figure 3.4. (a) A typical optical micrograph of an intermediate stage of the dewetting
process of a thin liquid layer of PS-96k on top of a liquid PMMA-95k substrate
(sample 1). (b). A section analysis of AFM images of the dewetting process without
an applied electnc field. The dotted and the solid curves corresponded to AFM scans
before and after removing the PS by rinsing the sample with the selective solvent
cyclohexane. Insets are AFM height images- before and after removal of the PS layer
(left and right).
(a)
distance
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^mxm^.; /• ? l '° ^''"''"^ ^''^""^'^ ^'^th at half maximum(FWHM) (mset) of the PMMA layer deformation at the PMMA/PS contact line as a
function of the ratio of the molecular weights of the two polymeric liquids The black
squares are the data obtained by analyzing the published measurements of Lambooy
et al. The triangle corresponds to sample 2 with 30 V applied. The inverted
triangles were obtained with an applied voltage of 60 V (samples 3 and 9) The
circles stem from samples with no applied field (samples 1 and 8).
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e is the dynamic contact angle and 0e is the equiHbrium contact angle as obtained
from Young's equation y,, cos(^J + y^^^^^^^ = y^^^^ with Yps, Ypmma the PS and
PMMA surface tensions, and Yps/pmma the PMMA/PS interfacial tension. The
viscous force that retards dewetting is given by
F..c~nps^ = yps^' (3)
where we have used the relation for the dewetting velocity given by Tanner's law:'
~ Yps^^ l^ps ' with rjps the viscosity of PS.
With a dynamic contact angle of 9 = 2.5° determined from Figure 3.4 and 0e
= 5°, we find from eq 2 F,ap =2.4- 10"' N/m. The retarding viscous force is (eq 3) Fw,,
~ MO 'N/m. The electrostatic force per unit length is obtained by integrating eq 1
over the cross-section of the PS rim. Fei,ps/air PS/air dhps- 1 ' 10"^ N/m. All three
forces are comparable and determine the spreading kinetics in the parameter regime
of Figure 3.3. As opposed to the other two terms, F^/ ps/^/^ exhibits a strong variation
with d ( - 1/d) and falls off rapidly for hps + hpMMA « d. This explains the
morphology of the PS layer in Figure 3.3, which shows the cross-over, where Feips/aw
becomes dominant. Due to the strongly non-linear d dependence, FeipsMr plays only
a negligible role in the dewetting of PS on PMMA and modifies neither the contact
angle nor the dewetting kinetics, if d is larger than a critical value. If, on the other
hand, d is smaller than this critical value, it dominates the force balance and columns
are formed by the rapid acceleration of PS towards the top electrode. Figure 3.3
shows a stage in the PS dewetting, where the PS rim height has grown to 400 nm. At
this specific stage, the cross-over value of d lies at -1.7 |im.
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Electrohydrodynamic Interfacial Instabilities
For a decreased plate spacing, corresponding to an increased field in the thn
layers, the electrostatic pressure at the liquid-air surface is strong enough to
destabilize the film surface for the expenmental conditions (temperature, annealing
time) used here. Similar to the polymer-air bilayer system,^^-^^ an undulation with a
characteristic wavelength is observed.
The influence of the growth of surface fluctuations and column formation in
the upper PS layer on the underiying PMMA layer can be seen by selective removal
of the PS layer with cyclohexane. Shown in Figure 3.6 (a) is an AFM image of the
PS surface at an early stage of the growth of fluctuations. A line scan of the surface
is shown in Figure 3.6 (b) where substantial growth in the surface fluctuations is
evident with a characteristic period of -35 \im and an amplitude of -0.1 \xm.
However, after removing the PS layer with cyclohexane, a line scan of the PMMA
surface, corresponding to the interface between the PS and PMMA, is featureless.
Consequently, the PS/air interface deforms much more readily than the PMMA/PS
interface.
Qualitatively, the PS/air surface is expected to deform much more readily
than the PMMA/PS interface, since the dielectric contrast between PS and air is
much larger compared to the PMMA/PS interface and the viscous damping for the
deformation of a free surface is much lower than of a polymer-polymer interface. On
the other hand, the PS/PMMA interfacial tension is lower, facilitating interfacial
deformation.^^ In the presence of an electric field, both interfaces are expected to
become unstable. To obtain more quantitative information on the instabilities of the
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two interfaces, it is instructive to compare the characteristic times at which the
instabiHties occur. For the PS/air interface, we have the dispersion relation for the
mode spectrum^*^ q
^PS /air Jfjps Ohp^ '
For the PMMA/PS interface, the equivalent relation is^''
- y'^PS^'-PMMA ^ / 4
_^
^'el.PS/PMMA 2x
T ^r(n\ ^'PMMAiPsH + ^7 q ) (5)
^ PS I PMMA J^K'/)
^^PMMA
C(rj) is a function of the viscosities and film thicknesses of the PS and PMMA
layers.^'' In the limit tIpmma = tIps and hps = hpMMA, Q?]) - Srjps. The electrostatic
pressure acting at the PS surface is given by eq 1. Similarly, the pressure at the
PMMA/PS interface can be given as
P - ^ - ^ ^riir^PS^PMMA^Q ^ , _ x .^s
^£/,PS/PMMA ... - 2 ^oiry ^ PMMA ^ PS ) i^)
^ df^PMMA K
where K is the same as in eq 1.
Maximizing l/x in eqs 4 and 5 with respect to q yields the most unstable
mode and the maximal growth rates. ' Using the experimental parameters from
Tables 1 and 2, we have Xps/air = 6 h, as found in Figure 3.6 and Tps/pmma - 16 days.
Note that eq 5 assumes a non-slip boundary condition at the PMMA/PS interface.
Perfect slip at the PMMA/PS boundary reduces t pmma/ps by almost a factor of 8
(C( Tf) - r]ps). For both boundary conditions, however, Tps/ak is considerably smaller
than T PMMA/PS. The instability of the polymer-air interface is therefore expected to
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Figure 3.6. (a) A typical AFM image of ihc ea.ly stages ol the instability
coiresponding to Figure 3.3 bottom lett (sample 2, 30 V). The seetion analysis o theimage before and after removal of the upper PS layer by cyclohexane are given in (b)
and (c), respectively. ^ ^ '
(a)
(b)
80.0
(c)
O 20.0 40.0 go'. O OoTo
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preempt the instability at the polymer-polymer interface, in agreement with our
experimental observations.
We now turn our attention to the lack of hydrodynamic deformation of the
PMMA/PS interface. In an earlier paper,'' we mvestigated the electrohydrodynamic
instability of liquid polymer/polymer interfaces. There, we assumed the
hydrodynamic flow profiles in the two polymers were viscously coupled. Here, in
the case of polymers with comparable viscosities, this implies a Poiseulle-type now
profile extending from the solid substrate to the air interface, which is nearly
continuous at the polymer-polymer interface. In such a model, the polymer-polymer
interface is expected to mirror the undulations of the PS/air surface. In contrast, the
results in Figure 6 show an undeformed PMMA layer. Since PMMA is liquid and
cannot sustain a shear stress, our experimental observations are direct evidence for
interfacial slip at the polymer-polymer interface.
Interfacial slip between two polymers is not unusual. Due to their
incompatibility, the interfacial interpenetration of PS and PMMA is ~5 nm.^'* In
particular, PS and PMMA chains are not expected to be entangled at the interface. In
addition, liquid surfaces are more homogeneous compared to solid substrates, both in
terms of their chemical composition and surface roughness. Slip at a polymer
interface was previously reported by Reiter and Khanna. In a very recent study,
3
1
Wang et al.' found evidence for slippage when studying the dewetting of PS on
PMMA. Slippage could also explain the accelerated electrohydrodynamic instability
of polymer-polymer interfaces in our earlier study.^^
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Electric Field Induced Structure Formation
For even smaller values of the electrode spacing (Figure 3.2 right) the
amplification of surface waves discussed in the previous paragraph led to the
formation of PS columns that spanned from the surface of the PMMA film to the top
electrode. Evidence for both nucleated and spinodal instabilities were found. In the
upper right hand section of Figure 3a, columns of PS are evident that are surrounded
by a dewetting zone that propagates away from the columns. The structure in the
center of the micrograph consists of an initial column (primary cylinder) that was
heterogeneously nucleated eariy in the experiment. As the dewetting rim grew in size
and height, fluctuations with a characteristic spacing were amplified and grew into
regulady spaced columns (secondary cylinders). Each secondary column was then
surrounded by its own dewetting zone. As discussed above there is no influence of
the electric field on the interfacial structure at the dewetting front. However, as PS
dewets the PMMA, PS accumulates in the dewetting rim, changing the position of
the PS/air interface locally. This creates an instability along the rim which, in turn
leads to the formation of secondary cylinders. An AFM image of the structure in the
center of the optical micrograph is shown in Figure 3.3 (b). This image more cleariy
shows the columnar shape of these features that are -1.5 [im in height with a
diameter of -10 [im. It should be noted that the central column is much larger than
the column formed on the dewetting rim. Similar to the nucleated instability, the
columns formed by a spinodal process (Figure 3.3 top right) are each surrounded by
a dewetting zone.
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These findings are reminiscent of the electric field induced structures formed
with a single polymer film on a solid substrate,^^ with two mam differences. First,
the dewetting around the PS columns on the PMMA film is much more pronounced
compared to the structure formation of PS on a silicon substrate.'^ Second, the
PMMA surface, which plays the role of the substrate here, is significantly deformed
at the PS-PMMA-air contact line. The greater amount of dewettmg is presumably
due to the higher negative spreading coefficient for PS on PMMA, compared to a
silicon wafer, PS wets clean silicon wafers (with a native oxide layer) but only
partially wets PMMA.
The dewetting of a liquid on a liquid substrate results in the deformation of
the contact line, since the liquid substrate cannot sustain the high shear stresses that
build-up at the contact line. In addition, the electrostatic forces cause a secondary
instability at the PMMA-air surface that is revealed once the PS columns have
formed. To analyze the deformation of the liquid/liquid interface caused by the flow
into the primary cylinders, the line scans of PS/air and PMMA/PS interfaces, after
removal of the upper PS layer, were overiaid. Shown in the inset of Figure 3.7 is an
AFM image of the PS surface. Here, the initial column formed is in the center,
surrounded by a ring of columns formed on the dewetting rim. The dashed line in the
data shows a line scan across the primary cylinder. The height of the column is -1.5
\xm with a diameter of -lOjuim. After removal of the PS layer by rinsing with
cyclohexane, the line scan shown by the solid line was obtained. The two scans were
overlaid by normalizing the height at the exposed PMMA layer surrounding the
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column. Salient features of these data are the three phase contact line located -10
around the column, the dewettmg rim and the deformation of PMMA/PS
interface mduced by the formation of the column. Surrounding the column is a
depression of the PMMA underlayer due to the coupling of flow between the two
layers. At the edges of the columns, the underlying PMMA layer is substantially
deformed. The extent of this deformation is a direct consequence of the flow of the
PS into columns that couples into the underlying PMMA through the interface. In the
case shown, this underlying rim at the PS and PMMA interface is -400 nm in
height. The magnitude of the deformation at this buried interface was found to
depend on the ratio of the molecular weight of the PS and PMMA.
Shown in Figure 3.8 is the height of the deformation of the primary cylinder
at the PMMA/PS interface under the PS columns as a function of the ratio of PS and
PMMA molecular weights. Shown also in this plot are the data of Lambooy et al.'°
obtained by dewetting PS on PMMA in the absence of an applied field. As seen, as
this ratio increase or as the mobility of PMMA increases in comparison to that of PS,
the extent of deformation at the PMMA/PS interface increases. In addition, for a
given ratio of molecular weights, as the applied field strength increases by increasing
the applied voltage while keeping the separation distance, d, between two electrode
fixed, or by decreasing d while keeping the applied voltage fixed (inset in Figure
3.8), the magnitude of the deformation increases.
Since the time constants for either the PMMA/PS interface or the exposed
PMMA surface to become unstable are much larger compared to the initial
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Figure 3.7. Deformation of the PMMA-95k/PS-96k interface (sample 2 with ^0 V
apphed) caused by the flow of PS into the pnmary cylinder. The main graph shows
superposed line scans of the PS/air (dotted line) and PMMA/PS (full line) interfacesThe inset is the corresponding AFM height image.
10 20 30 40 50 60 70
distance \jjm]
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instability of the PS surface, the contact Hne deformation of the PMMA under the
cyHnders is a secondary process that builds up once the PS columns have formed. It
is due to two effects. Initially, it is caused by the hydrodynamic deformation of the
PMMA/PS/air contact line, similar to the generic dewetting process of Figure 3.5.
While regular dewetting proceeds at a constant and slow speed (or as a weak power-
law, in the case of a slip boundary condition^^), the electrohydrodynamic instability
proceeds much more rapidly. The initial undulations seen in Figure 3.3 (bottom-left)
are exponentially amplified, leading to a very rapid formation of the columns." This
leads to a fast motion of the contact line and, therefore, to a much higher viscous
stress concentration there. As a consequence, the liquid PMMA substrate is
deformed to a much greater extent than in standard dewetting, as is observed here.
This can be seen in the cross-sectional scan in Figure 3.7, where clearly more PS has
been displaced into the electrohydrodynamically formed PS column than into the
dewetted PS rims. Once the primary PS columns have formed, (and along with it the
PMMA contact line deformation), a secondary electrohydrodynamic instability sets
in. The electrostatic forces that act on the PMMA-air surface are much larger than
those on the PMMA/PS interface. They are maximal at the location of the
PMMA/PS contact line, where the local PMMA film height is largest. With time, the
PMMA can be drawn up on the outside of the PS columns forming annuli around the
existing PS columns with a suitable field strength and combination of viscosities of
PS and PMMA.
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Other Observations
While the formation of polymer columns in the trilayer can induce the dewetting rim
and change the film thickness locally, the nucleation effect can induce a hole
formation of the upper liquid 1 on the underlying liquid 2 surface through the
dewetting process. As time progresses, the undulations around the dewetting rim are
amplified and break up into the columns. A typical example is shown in Figure 3.9,
where the central column, which is seen in Figures 3.3 and 3.7, is missing.
If the dwetting continues, a successive bands of columns would be formed
under strong influence of electrostatic force until the fronts from two different
nucleation sites impinged to form a ring as can be identified from the wiggly shapes
of the rings. Figure 3.10 shows the formation of concentrated rings at the PMMA
surface in the air/PMMA/PS trilayer with 50 V applied.
If the two electrodes are not parallel, distortions in the generations of the
columns will occur. This can give rise to unusual patterns as evidence by the map of
Cape Cod, shown in Figure 3.11, observed in one experiment.
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Figure 3.8. Deformation of height under the dewctting rim as a function of the ratio
of the molecular weights of the PS and PMMA from Lambooy et al" (blick
squares) and our experiments (gray area). The triangles are the deformations
observed for the PMMA-95k/PS-96k system with 30 V apphed (-: sample 2 A-
sample 4) and the inveiled triangles were obtained with 60 V applied for PMMA
95k/PS-96k (sample 3) and PMMA-27k/PS-96k (sample 9). The inset shows the
deformation of height as a function of separation distance of the electrodes d for the
PMMA-95k/PS-96k bilayer at 60 V applied field (samples 5, 6, 7).
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Figure 3.9. Columnar structure formation with a central column missin2 in
air/PMMA-95K/PS-96K trilayer (sample 2 w,th 30 V applied).
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Figure 3.9, continued
(c)
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Figure 3.10, continued
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Figure 3.11. The air/PS-96K/PMMA-27K trilayer is exposed to 60 V. The formation
of a map of "Cape Cod" in Massachusetts is seen.
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Conclusions
We have studied the electrohydrodynamically driven amplification of surface
capillary waves in bilayers comprising of two incompatible polymers. Surprisingly,
a minor variation of one of the experimental parameters, the electric field in the three
layers (which was varied by changing the electrode spacing by a few percent), results
in two distinct hydrodynamic regimes. For low enough electric fields, holes are
heterogeneously nucleated in the top polymer layer (PS) which then dewets the
liquid substrate, PMMA. This dewetting process is only marginally modified by the
electric field. If the electric field is increased (by slightly decreasing the electrode
spacing), the build-up of electrostatically amplified surface waves preempts
heterogeneous nucleation, resulting in the formation of columns that span from the
PMMA to the upper electrode. In this case, the dominant driving force is caused by
the electric field. Apart from the different force balances that characterize the two
regimes, they are very different in terms of their hydrodynamics. While the slow
motion of the contact line during dewetting causes only a small deformation of the
PMMA underlayer, the much faster collective motion of the electrohydrodynamic
instability leads to high shear stresses and, therefore, to a substantial deformation of
the PMMA/PS contact line. With time, PMMA is drawn further upward on the
outside of the PS columns by the electric field. Studies of the deformation of the
PMMA/PS interface during the early stage of the electrically driven spinodal
instability of the PS surface allow us to deduce the hydrodynamic coupling of the
two layers. The fact that the PMMA layer does not participate in the instability
indicates the presence of slip at this interface.
104
Both results indicate that the present experiments may be useful in obtainmg
quantitative information on liquid-liquid spreading and dewetting. As opposed to
dewetting in the absence of an electric field, an applied voltage may be useful as an
additional, freely-variable external parameter that alters both the force balance as
well as the hydrodynamics. With a suitable (presently unavailable) model, such
experiments may yield valuable (and technologically important) insight in the
contact line dynamics at the liquid-liquid boundary. In addition, the study of the
liquid-liquid interface in the presence of a spinodal electrohydrodynamic instability
(rather than rheological studies) may reveal more direct information about slip
boundary conditions between incompatible liquids.
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CHAPTER 4
LATE STAGE GROWTH OF STRUCTURES PRODUCED IN I HIN I II MSVIA ELECTROHYDRODYNAMIC INSTABILITIES
Introduction
When an external electric field is applied normal to a liquid/liquid or
liquid/air interface, height fluctuations, on the surface are amplified by an
electrostatic pressure. The Laplace pressure operates against this, acting to minimize
surface area and, hence, acts to suppress fluctuations. The competition of these
pressures results in the amplification of fluctuations with a characteristic wavelength.
These fluctuations grow, become unstable and produce an an'ay of columns with a
characteristic period. The general response of interfaces to applied fields has been
studied by numerous researchers.'"^^ Oddershede and Nagel studied the development
of instabilities at a liquid/water interface under the influence of an electric field."'
Herminghaus theoretically predicted dynamical instabilities in dielectric coatings
between electrically conductive media. Onuki treated instabilities at the interface
between two immiscible, nonionic fluids.'^' More recently, Schiiffer et al investigated
the electrohydrodynamic instabilities in thin polymer films that led to the formation
of a laterally-ordered array of columns bridging between two electrodes in the
parallel-plate capacitor geometry. A simple linear instability analysis, valid in the
early stage of development, successfully predicted a characteristic distance X, that
agreed well with experimental observations.'*^ The more general cases of the
liquid/liquid bilayer and air/liquid/liquid trilayer confined between two solid
electrodes were subsequently discussed by Lin et al.'^"^' Using reduced variables.
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experimental results were described with no adjustable parameters over many orders
of magnitude in reduced field strength and characteristic distance.^^ Pease and Russel
have also treated this problem in a more sophisticated theoretical approach and
arrived at a similar agreement.^^
While the eariy stages of growth of electrohydrodynamic instabilities in
polymers is essential to test the theoretical arguments,^^ it is also important to
understand the coarsening of structures after they are formed. This, for example, is
key in optimizing the fidelity in replication of topographies in electrodes. Here,
changes in diameters of the columns at the late stages of growth are investigated. The
columns are shown to grow by diffusion of polymer from the underiying reservoir
into the columns. Growth of the columns ceases when the reservoir is exhausted or
when dewetting occurs.
Experimental
Materials
Poly(dimethyl siloxane) (PDMS) was made from Sylgard 184 (Dow Coming
Corp.). A 10:1 ratio (w:w) of the liquid prepolymer and curing agent were mixed for
2hrs at the room temperature before being spin-coated onto the substrate. Oligomeric
Polystyrene (OS) (MW=580) was purchased from Polymer Laboratories LTD.
Poly(4-bromo styrene) (PSBr) (MW=6.5xlO^) was purchased from Aldrich Chemical
Co. Deuterated Polystyrene (dPS) was synthesized anionically and had a molecular
weight of 99.9K (PDI=1.017). The conductive media, indium-tin-oxide (ITO)
microscope slides, were purchased from Delta Technologies (25x50x1. 1mm ,
R<100ohms).
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Sample preparation
The general sample configuration is shown in Figure 4.1. Thin films of
PDMS and OS (MW=580) were spin coated from the bulk and toluene solution onto
freshly cleaned Si substrates with thicknesses of 6.5 |am and 196 nm, respectively.
Kapton thin films (Polyimide, Dupont) and silicon oxide rails evaporated onto a
clean ITO microscope slide were placed on the top of the PDMS and OS film,
respectively, so as to create an air gap between the polymer film and ITO glass
electrode. In-situ optical microscopy studies were performed at room temperature to
avoid thermal gradients. In the first in-situ optical microscopy study, a 6.5 ^m
PDMS film was exposed to 100 V with the electrode spacing of 50 |im separated by
Kapton film. In a second study, 30 V was applied to a 196 nm film of OS (MW=580)
with a 1.2 ^m separation distance between the two electrodes. Studies were also
performed on a 740 nm thick film of PSBr (MW=65,000) and 530 nm thick film of
dPS (MW=99,900) with several different separation distances between the
electrodes. Experiments were preformed at 170°C which is above the glass transition
temperature of the polymers, under N2 for 3 days. The samples were then quenched
to room temperature before removal of the applied voltage and the upper electrode.
The film thickness of OS, dPS and PSBr were measured with a Rudolph
Research AutoEL®-!! ellipsometer using a helium-neon laser (k=632.S nm) at a 70°
incidence angle. For the thick PDMS film, Filmetrics F20 (working range: 10 nm ~
50 ^m) was used to measure the film thickness. The structures formed in the PSBr
and dPS thin film systems were investigated by optical microscopy and atomic force
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Figure 4.1. Sketch of the sample configuration in the study. The hquid/air system isconfined between a highly polished and doped silicon wafer (lower elect™! and anTxOmicroscope slide (upper electrode). The distance between the two electrodes s contrcild
of the to'o? T " °' ''"'y^ « ^"S- °f s o"
Th! , ?
°'^;PP'y'"S Kapton (in PDMS thin film study) between two electrodese St ucture formations at the interface of the liquid/air under an applied eleetnc field
were studied by optical microscopy in the renectance mode.
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microscopy. Optical microscopy (OM) studies were performed m the reflection
mode using an Olympus BX60 microscope. Atomic force microscopy (AFM) studies
were done with a Digital Instrument D3100 scanning force microscope in the tapping
mode. Silicon nitride tips on cantilevers (Nanoprobe™) with spring constants from
29.3 to 63.9 N/m were used. Table 4.1 summarizes the physical constants of the
oligomeric polymer and other polymers used in the studies.
Table 4. 1
.
The characteristics of the polymers used in the studies
Polymers OS PS Br dPS PDMS
(g/mol)
580 65,000 99,900
(mN/m)
33 39 33
2.5 4.09 2.95
(°C)
120 100 <0
(a) Molecular weight.
(b)Surface tension y.
(c) Dielectric constants, edps and Epsb, are the dielectric constants measured at
20170X
, Eos is the dielectric constant at the room temperature.
(d)Glass transition temperature.
Results and Discussion
Shown in Figure 4.2a are top-view optical micrographs of PDMS columns as
a function of time after exposure to 100 V with an electrode spacing of 50 fim.
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PDMS columns with hexagonal order are seen to span between the two electrodes.
The average diameter of the columns increases with increasmg time, indicating the
presence of a thin layer of PDMS at the base of columns on the lower electrode. As
shown in Figure 4.2b, the individual PDMS column diameters increase rapidly with
time initially (before 400 minutes) and saturate at later times (after 1000 minutes in
the example shown). The final diameters are 147 jim for PDMS columns 2, 3 and 4,
and 138^m for column 1. The growth of each individual column diameter before
saturation can be scaled as
D(0~r
(1)
where n is the growth exponent. By taking column 1 as the reference, the time axis
of columns 2, 3 and 4 are shifted to overlap all the data points together as shown in
Figure 4.2c. A further normalization of column diameters as a function of shifted
time is shown in Figure 4.2d. The small growth exponent, n= ~ 0.05, is readily
obtained from the slope, which reflects a slow flow of polymer from the reservoir at
the base of the columns into the columns. In addition, the driving force giving rise to
the flow must be weak. Based on the increment of column diameter from the initial
state to the first saturation and the corresponding elapse time, the diffusion
coefficient of PDMS, Ddiff, can be estimated as
2 2
D ^ ^{D{t)l2) ^ (Qinf ^ io~'Vm' /i- , which supports the slow growth
of the column diameters (n ~ 0.05), where Dini and Dinf are the initial and saturated
column diameters, respectively.
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A typical AFM scan of a 740 nm thick PSBr thin film after 3 days under 30V,
with an electrode separation distance d of 1.69 nm, is shown in Figure 4.3a. The 3D
AFM height image shows the PSBr columns with an average radius 6 nm±0.63 ^m
and ^=17.4 ^miO.S The 2D Fast Fourier Transfom (2DFFD of the AFM image
is shown in the inset. Six spots are seen indicating a well-ordered hexagonal packing
of the columns, with a lattice constant of 15 |im. A line scan across the sample is
shown in Figure 4.3b. The columnar shape of the features is clearly evident in this
profile. However, between the columns there is clear evidence of an underlying film.
At the base of the columns there are depressions that are reminiscent of depletion
zones. This would be expected if the flow of the polymer into the columns was faster
than the relaxation of the polymer to produce a smooth surface. Based simply on the
minimization of the surface area under the restraint of maintaining the columnar
structures, the lowest free energy is achieved when all polymers are in the columns.
However, by scratching the film with a razor blade, the film at the midpoint between
two cylinders is found to be hmin, -210 nm.
As shown previously,'^'^ the average center-to-center distance between
adjacent columns, X, is given by
where U is the appHed voltage, y is the surface tension of the polymer, e is the
dielectric constant of the polymer, Eqis the dielectric permittivity in vacuum and E is
the electric field strength in the polymer.
For a hexagonal array of columns, schematically shown in Figure 4.4, the
total volume of polymer V in the initial thin film within the triangular unit cell is
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Figure 4.2. (a) Time sequences of 6.5|am PDMS thin film in 100 V with an electrode
spacmg of 50 ^im from top view in optical microscopy measurement (b) The plot of
the diameters, D(t), of each marked individual column as a function of time, (c) The
In D(t) ~ In t plot, from which the growth exponent, n, is found to be 0.05. (d) The In
D(t) / Dinf ~ In t plot, where Dinf is the saturated column diameter. The time scales
of columns 2, 3, and 4 are shifted in order to overlap all the data point into a master
curve shown in (c) and (d), where the amount shifting is shown in the insets. The
scale bar is 80 \im.
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Figure 4.2, continued
Continued on next page
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Figure 4.2, continued
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Figure 4.2, continued
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i days. Ihe 2D FFT of AFM image is shown in the inset, (b) The coiresDondino
sectton analysis of the AFM image. A dra,ning-l,l<e feature in h victn ty of po ymefpillars IS marked as dotted ring. ^ i i
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Figure 4.4. The schematic diagrams show the close packed hexagonal pillars from(a) top view, (b) side view. ^
^i:, uu
(a)
(b) > R ^
d
h
mill
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4 ' (3)
where X is the characteristic distance between two pillars'^ and ho is the initial lUm
thickness. After the formation of columns, there is film of polymer with a thickness,
h,„i,., remaining on the substrate at the base of the columns. If the separation distance
of the electrodes is d, and the columns have a radius R, then, by mass conservation.
V = -7rR\d-h ) + ^A'-h
4 mm (4)
Solving for R,
R =
2^(^ - K.. )
A
(5)
A reference distance Xo, radius Ro, and electric field strength Eo can be defined as
\ =-— (f-i)-f , K =
r
V3(^,-/t,„„.)
/I,) and =
U_
Using these, a reduced radius can be defined as
R F -
R0 E
(6)
Substituting the relevant parameters for a PSBr thin film with 30 V appHcd into
equation (2) and (5) yields a X=22.1 ^m and R=6.93 |im, which agree well with
^=17.4 |Lim, and R=6 \km measured.
A master curve of R/Ro as a function of E/Eo is shown in Figure 4.5. For the
experiments on PSBr, the geometry of the system (film thickness and electrodes
separation distance), and field strengths have been varied. The solid line in the
Figure 4.5 is the calculated reduced radius as a function of the reduced field strength.
As can be seen, very good agreement with experimental observations is seen
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Figure 4.5. The master curve of the radius of polymer pillars R in varieties of thinW,. expennnents as a function of the electnc field strength in polymer th,n filmsThe dtfferen symbols correspond to 2 data sets: • PSBr/u,r s.ngle llyer with h,.s,„ =
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However, when the reservoir is exhausted and the thin fUm connecting the
columns vanishes, then bare Si is exposed. Consequently, the columns are isolated
and any growth or other coarsening mechanisms are arrested. Shown in Figure 4.6
where a dewetting front is moving across an OS film under an applied field of 30 V.
The formation of the columns is evident. As the front progresses across the film
instabilities occur along the front producing the OS columns. Each of the columns is
independent of the others and each column is now an isolated system. Consequently
the number, size and shape remain invariant with time.
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ure 4.6. Optical micrographs from in-situ 196 nm OS thin film experiment show
time developments of OS pillars in 30 V. The image size is 950x730timl
nuns 1250mms
2250mins
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Conchisioiis
The growth of columns formed from liquid thin fihiis under an applied
electric field was investigated. A simple model was presented to describe the size of
the columns, where good agreement was found between experiments and
calculations. The approach of the column diameter to its final equilibrium size is
shown as the polymer reservoir becomes depleted. Column growth can be fully
arrested if dewetting occurs or if the reservoir is fully depleted.
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CHAPTER 5
TEMPORAL EVOLUTION OF SINGLE LAYER FILM UNDER
CONFINEMENT IN ELECTRIC FIELD
Introduction
Harnessing instabilities in thin films is of considerable academically and
technologically interest.' '^ The generation of surface and interfacial structures and
the influence of the periodic substrates have been investigated extensively.*^ ''^ Boltau
et al studied the surface induced structure formation of a binary polymer films on
patterned gold substrates." Rockford et al recently reported a relationship between
controlled nanoscale surface interactions and subsequent macromolecular ordering
by applying striped surfaces of oxide and metal, where the stripe width is
comparable to the size of a polymer molecule.'^ Sharma et al studied the dewetting
behavior of thin liquid films on physically and chemically heterogeneous surfaces
based on 3D nonlinear simulations by solving the equation of motion numerically.*^"'"
A novel class of morphologies was found that were not predicted by the spinodal
mechanism.
In addition to the structure formation driven by long range van der Waal
forces mentioned above, electric fields have been shown to be an effective means to
induce instabilities by the competition between the electrostatic force and interfacial
tension at the liquid/air and liquid/liquid interfaces, producing ordered lateral
20 25
Structures. ' Herminghaus predicted a dynamical instability of a thin dielectric film
between conductive media, where the electric forces dominate the dispersive forces
and amplify surface waves. Schaffer et al. showed a well-defined characteristic
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wavelength at the liquid film surface in studies of single layer films between parallel
capacitor plates with an air gap in an external electric field.^'-^^ imposing
patterned master, submicrometer structures have been replicated with high fidelity.^
The more general cases of the liquid/liquid bilayer and air/liquid/liquid trilayer
experiments and model calculations showed a means by which structures can be
produced over a wide range of length scales.^^"^^ Similar observations were made by
Chou and his coworker with no applied external electric field.^^"^^ Analogous to the
electric fields, thermal gradients across the surface of a thin film confined in between
two parallel plates can generate thermomechanical instabilities and ultimately result
in structure formation.^^ With patterned upper plate, replication can also be achieved.
Here, an alternative way to control the structure formation at the surface of a
liquid thin film is presented by creating topographical patterns comprised of stripes
with well defined widths. Growth of the instabilities under the area defined by these
stripes on an upper electrode is accessible by optical microscopy. It is seen that the
initial undulations are grown beneath the stripe pattern leading to the formation of
columns. The finite size of the stripes is seen to markedly alter the characteristic
wavelength of the fluctuations.
Experimental
Materials
Polyisoprene (PI) (MW= MW=4.0xlO^) was purchased from Aldrich
Chemical Co. One side polished microscope slides used in this study, were
purchased from Delta Technologies. A positive radiation sensitive resist, 7%
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PoIy(mcthyl mcthacrylate) Anisole solution (PMMA) (MW=9.5xlO^ Nano™ 950
PMMA A7) was purchased from Micro Chem Inc.
Sample preparation
All Cr/Au stripe patterns (the upper electrodes) were prepared on the polished
microscope slides by conventional electron-beam lithography (EBL) in the following
way (Figure 5.1). A 650 nm thick 7% PMMA solution in anisole was spun onto a
cleaned, polished microscope slide. The spin coated substrates were annealed at 180
°C for 30 minutes to remove the solvent completely. Since the glass substrates were
insulating, a 160A thick Au layer was thermally evaporated onto this resist layer to
avoid charging during electron-beam exposure. A scanning electron microscope
(SEM) was operated at a accelerating voltage of 20 kV to expose the resist and
generate the desired electrode pattern at an area dose of 300 |iC/cml After the
exposure, the Au layer was completely removed by dipping the sample in a gold etch
solution for 1 minute^' (The gold etch solution was made by dissolving 40 g KI and
10 g I2 in 400 ml of water). The exposed samples were developed in a mixed solution
of methyl isobutyl ketone (MlBK):isopropanol (IPA) (1:3) for 1 minute, which
removed the PMMA in the exposed regions, creating a mask on the glass substrate.
lOA of Cr was thermally evaporated at a rate of 1.0 A/s as an adhesion layer,
following by a subsequent evaporation of 60A thick Au at a rate of 2.0 A/s. The
remaining PMMA resist was then removed by leaving the sample in acetone for 2
hours, followed by a methanol rinse and nitrogen gas blow dry. After the fabrication,
the Cr/Au stripes on the microscope substrate were examined with an optical
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microscope prior to use. The Cr/Au stripe-Hke patterns were rectangle in shape wuh
an essentially an infinitely long in length (4mm) and a finite in width.
The schematic diagram of the sample configuration used in this study is
shown in Figure 5.2. 360 nm thick PI thm films were spm coated onto a freshly
cleaned Si substrate. All film thicknesses were measured with a Rudolph Research
AutoEL®-n ellipsometer using a helium-neon laser (X=632.8 nm) at a 70° incidence
angle. The samples were sandwiched in between an Si substrate (the lower
electrode) and the patterned stripes on the microscope slide (the upper electrode). It
should be noted that the total thickness of Cr/Au double layer is only ~ 7 nm so as to
minimize the opfical pathlength making it possible to monitor the structure formation
in real fime through the polished substrate. A small air gap is left on the top of PI
thin film, which can be controlled by evaporating silicon oxide rails of a specified
thickness onto the Si substrates. The experimental parameters of the samples used in
the studies are given in Table 5.1.
All real time optical microscopy studies were performed at room temperature
in reflecdon mode using an Olympus BX60 microscope.
Results and Discussion
The topographically patterned Cr/Au stripes on a substrate fabricated by EBL
can be designed to be varied across the polished microscope slide producing a
gradient (as shown in Figure 5.3) or they can be made periodic (as shown in Figure
5.10). The advantage of using the gradient pattern is that multiple experiments can be
done simultaneously where the patterns are at equal potential in an applied electric
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F^ure 5.1 Schematic diagram of E-beam lithography process. The final thicknessesof Cr (acting as an adhesive layer) and Au are 1 nm and 6 nm respectwelv Thev aretransparent and facilitate the observation of the structure formatirn^n rea time
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Figure 5.2. Schematic of sample configuration used in tiie studies from the side view
under optical microscope. A single layer liquid film with a film thickness of ho is
confined between Si wafer (lower electrode) and Cr/Au patterned stnpes (uDoer
electrode). A small amount of external electnc field is applied across two electrodes
Ihe electrode spacing, d, can be controlled by evaporating thin layer of SiOx as the
insulate spacers at the edges of Si wafer. A direct observation of the spatial-temporal
evolution of the thin film under Cr/Au stripes is accessible by optical microscope
The size of Cr/Au stripes can be tuned to be different as shown in the figure or be
equal (5|im) with periodic spacing (100|am) in between as shown in Figure 5.10.
Microscope Objecth e
Polvmer
u
Cr All electrodes (Gradient or uniform in width)
SiO^ Spacers
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Table 5.1. Experiments list
Sample
, Width of Film Average Applie
XTNo. Cr/Au Thickness Electrode d
Stripes (i^m) (nm)
>
Spacing
(|nm)
Voltag
e(V)
1 5, 10 and 50 360 2.0 40
2 5, 10, 50
and 156
360 1.4 40
3 10, 50 and
156
360 1.4 20
4 5 360 1.8 50
field. Since the glass transition temperature of PI is ~ -68°C, it was not necessary to
heat the sample, thereby avoiding the generation of thermal gradients. The control
experiments, where there was no external electric field applied, showed no
development of fluctuations on the PI surface under 5 \xm, 10 fxm and 50 |Lim stripes
at the room temperature over a time period of 2.25days as shown in Figure 5.3.
Three studies of PI thin films under gradient patterned electrodes Cr/Au were
performed where the width of the electrodes were 5 \xm, 10 \xm, 50 fxm and 156 \im,
with a 100 \xm lateral spacing between 5 \im and 10 |Lim stripes and 500 ^im lateral
spacing between 10 ]xm and 50 |J,m stripes, respectively. Figure 5.4 shows a series of
optical micrographs of the temporal evolution of instabilities in a 360 nm thick PI
film beneath a 50 |am wide Cr/Au stripe with 40 V applied at room temperature
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(sample 1 ,n Table 5.1). The electrode spacing, d, ,s typically 2 ^m. The height of
the mitmlly flat PI film is seen to fluctuate below the Cr/Au stripe as a direct
consequence of the applied field. Since the electric field is stronger at the comer of
the electrodes due to field boundary effects, the formation of first PI column at the
edge of the electrode is seen at 243 mins. With time, periodic fluctuations grow
along the length of the electrode as manifested in the results from 293 mins to 368
mins. With increasing time, more and more PI columns are formed with an average
center-to-center distance between columns, Xc-c, of 32 ^im and column diameters of
13 ^m. Similar (not shown) behaviors is seen with the 5 ^im and 10 \xm wide stripes,
where Xq-c is -31 ^m with column diameters of 12 ^im, which is much larger than
5|Lim and 10|im values of electrodes width.
Under the 50 jim stripe, rather than a single row of columns, two rows of
columns are formed (sample 2 in Table 5.1) where the electrode spacing, d, was
reduced to 1.4 |Lim while keeping the other parameters equal to those in the previous
study (sample 1 in Table 5.1). Shown in Figure 5.5 are the optical micrographs of a
360 nm PI thin film under 5 \im, 10 |im, 50 [im and 156 Cr/Au electrodes as a
function of time with 40 V applied at the room temperature. By comparing the time
scale over which the polymer columns form to that in the previous study, it is clear
that the structure formation is much faster with a reduced electrode spacing. Under
the 5 |Lim wide electrode, A,c-c is -24 |Lim with column diameters of 10 |Lim (Figure
5.5a). Similarly under the 10 |xm electrode, Xq.q is -23 ^im with column diameters of
10.8 |xm (Figure 5.5b). For the 50)Lim wide electrode, instead of a single row
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Figure 5.3. Control experiment where there are no external electric field applied
shows nothing happens at PI surface at room temperature. The size of the stripes
from left to right are 50 |im, 10 ^im and 5 [im, respectively.
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Figure 5.4. Temporal evolution of 360 nm PI thin film under 50 ^m Cr/Au stripe
with a electrode spacing d of 2 i^m in 40 V.
n F
columns, two rows of columns with ^ic-c of 24 ^im form along the edge of the 50 [im
wide electrode due to the increased field resulting from the decrease in the electrode
spacing d from 2 ^m (Figure 5.4) to 1.4 ^im (Figure 5.5c). In addition, the increase in
field strength causes the column formation to be more rapid. It takes -11 mins to
completely create the polymer columns, in comparison with -493 mins in the first
study. The time constant x^ax at which the instabilities occur is inversely proportional
to approximate sixth power of the electric field, Ep, for polymer film confined in
between two infinite large electrodes in an electric field^''^^
^ _
3rjy[£id - /Iq ) + /Iq f 3TjyU
'
where rj, y, ho, d, U, e and eo are the viscosity, surface tension, the film thickness, the
electrode spacing, the applied voltage, the dielectric constant of the liquid and the
permittivity in vacuum, respectively. Consequently, the decrease in the time to form
the columns may be expected from the size reduction. However, the influence of
field boundary effects is evident and the simple scale for the infinite electrodes is not
directly applicable. Structure formation begins at the edge of the 156 |xm wide
electrodes as shown in Figure 5.5d. The enhancement of instability at the film
surface propagates from the side of the electrode. Along the electrode, Xq-c is -24
|a,m with an average column diameter of 10.8 |xm, identical to those for the 5, 10 and
50 \xm wide electrodes. The autocorrelation functions of the structures formed under
5, 10, 50 and 156 [im wide electrodes are shown in Figure 5.6a. The cross sections of
autocorrelation function patterns along the length and across the width of the
electrodes are given in Figure 5.6b and 5.6c, respectively, from which both Xc-c
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along the length and across the width of the electrodes can be determined. The
invariance of Xc-c of -24 along the length of the electrode is clearly evident
4
(Figure 5.6a). However, Xc-c across the width of the electrode is significantly
impacted by the electrode width. 37 jim and 24 |^m values are obtained under 50 |im
and 156 \im wide electrodes, which are the reminiscence of distorted (under 50 \im)
and normal (under 156 ^im) hexagonal lattices, respectively, shown in Figure 5.6a.
It is obvious that the structure formation is much faster under 5|im and 10|im
wide electrodes than those under 50 [im and 156 |im wide electrodes. This suggests
that the stronger field boundary effects at the two edges of 5 [im and 10 jxm stripes
induce the stronger heterogeneity of the driving force, in comparison to that of the 50
|xm and 156 |Lim cases. This is supported by the potential line calculations shown in
Figure 5.7, where the larger field strength difference between the air layer (37 V
drops over a distance of 1.04 \im) and the polymer thin film (3 V drops over a
distance of 0.36 |a,m) under 5 |im wide electrode (Figure 5.7 a) is seen, in comparison
with that under 50 |im wide electrode (35 V and 5 V drop over a distance of 1.04 jxm
and 0.36 |am in the air layer and the polymer thin film, respectively (Figure 5.7 b),
which, in turn, produces a stronger driving force.
In the third study (sample 3 in Table 5.1), a thin PI film was placed under 20
V with an electrode spacing d of 1.4 |im. The temporal evolution of the
electrohydrodynamic instabilities under 156 fxm wide Cr/Au electrodes is shown in
Figure 5.8b. The amplitudes of fluctuations on the surface of the film are markedly
enhanced at the edges of the electrodes, leading to the formation of columns at the
edge due to the heterogeneity of the electric field at the comers of the electrode.
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Figure 5 5. Structure development of 360 nm PI th.n film beneath different width
T r;'; '° '° ""^ * *e electrodespacing d of 1.4 ^im in 40 V.
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Figure 5.5, continued
143
Figure 5.6. (a) Autocorrelation functions of optical images shown in Figure 5 5 (b)Section analysis of autocorrelation functions along the length of 5, 10 50 and 156
\im wide electrodes, (c) Section analysis of autocorrelation functions across the
width of 50 and 156 |api wide electrodes, respectively.
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Figure 5.6, continued
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They are amplified subsequently to form the hexagonal structures. No further
changes are found later. With a reduced applied voltage,
^c-c increased to 43 ^m,
where five rows of PI columns were obtained. This contrasts seven rows of the
columns found in the second study (Figure 5.5d) where 40 V was applied. However,
two rows of columns with a ^ic-c of 45 \im were obtained parallel to the edge of
50^m wide electrode (Figure 5.8a). With decreasing voltage, the applied field
decreased, reducing the driving force to enhance fluctuations. In addition, the time
required to produce the columnar structures increased. The autocorrelation function
analysis of the corresponding optical micrographs show highly distorted hexagonal
lattice under 50 [im wide electrode (not shown), in contrast to the regular hexagonal
lattice 156 ^m obtained under 156 |im wide electrode (not shown).
Figure 5.9 summarizes the center-to-center distance of the columns, Xc-c,
along the length of the electrodes and the number of rows of the PI columns formed
normal to the width of the electrodes. With increasing width, the number of rows
increased while the characteristic separation distance along the electrode remained
constant.
The development of structure under periodic electrodes was also studied.
Figure 5.10 shows a series of the optical micrographs illustrating the growth of PI
columns under 5 |Lim periodic stripes separated by 100 |im with 50 V applied as a
function of time at room temperature. The surface is featureless before 3 mins. After
4 mins, as judged by the changes in the interference colors, the film thickness
changes both underneath and adjacent to the stripes. A row of the periodic variations
in the thickness is seen along the stripes after llmins. After 15 mins, well-defined
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^JrV'l^^ <='»'™''"'0"s of electric field and potential lines 360 nm thinftlms (e=2.37) are exposed to 40 V under 5 stngle stnpe (a: potent al I n") 0Htn stng e stdpe (b potent.al l^ne) and 5,m periodic s.dpes sepTrat d 25 umspactng (c and d: fteld line and potential l,ne, respectively), respecttvely w.th a
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(a) Potential
max
n :
m :
1
:
i
h :
g:
f
e :
cl
:
c :
b :
a :
min
40.0
39.0
36.0
33.0
24.0
21.0
18,0
15.0
12.0
9.00
6.00
3.00
0.00
0.00
\f///////////////////////////^^^
Continued on next page
148
Figure 5.7, continued
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Figure 5.8. Structure development of 360 nm PI thin film beneath different widthCr/Au stripes (a: 50 nm and b: 156 ^m) with an electrode spacing d of 1.4 ^m in 20
Continued on next page
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Figure 5.8, continued
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Figure 5 9 The center-to-center distance, Xc-c, of polymer columns along the lengtho the electrodes ,n three systematic studies is shown in (a), where 360 nm Pl"h nfilm ,s exposed to *: 20 V. *: 40 V and O: 40 V with the electrode spacmgs of 1 4
Z'3:lrf 'y"' 'T^^'^'^y- The number of rows of PI columns nomal tothe width of electrodes is shown in (b).
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columns with Xc-c of 30 nm are evident. The uniform color of the film outside the
electrode area shows that the film is undisturbed for times less than 16 mins.
Thereafter the instabilities are evident along the sides of the stripes.
Ideally, instabilities are enhanced only underneath the patterned electrodes.
The formation of structure outside of the electrode area results, more than likely,
from the changes in the film topography due to flow of polymer into the structures
forming under the electrodes, coupled with the extension of the electric field lines
beyond the edges of the electrodes. This is shown in Figure 5.7 c and d, where
weaker field is clearly evident.
While the replication of topographic features with patterned electrode using
both electrostatic and thermal gradients has been investigated in great details^''^°, the
structure formation shown here must precede replications. While a substantial
coarsening of the structures was not evident in these studies, by increasing the film
thickness at the fixed electrode spacing or using a smaller size of the patterned
electrodes with the controlled wettability, replication can be realized. When the
different shape mask patterns are applied, such as, circles and hexagons, interesting
dynamic behavior might occur due to the field boundary effects.
Some Other Observations
As shown in the field line and potential lines calculations, field boundary
effects at the sides of patterned stripes cause an inhomogeneity of the electrostatic
force, which, in turn, induces the formation of structure outside of the electrode
region. Another good example of this effect is shown in Figure 5.1 1, where UMASS
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Figure 5.10. Structure formation of 360 nm PI thin film under 5 nm periodic Cr/Au
stnpes separated by 100 nm with an electrode spacing d of 1.8 ^m in 50 V.
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Figure 5.10, continued
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was used as a patlcrn in the upper eleclmdc. The liquid polymer lllm under UMASS
responds applied external electrie field after 10 mins. However, in addition to the
replication of the structures, instabilities in the film are seen outside of this area,
giving rise to column formation.
If the applied external electric field is not strong enough, fluctuations still
grow, although columns formation and replication do not occur. Shown in Figure
5.12 arc the optical micrographs of PI thin film exposed in 50 V. Figure 5.13 shows
the topologies of 96K PS thin film surface after exposed to electric field, where the
cylindrical ridge is obvious.
157
Figure 5.1 1. PI thin film in electric field. The field boundaries effects on the stmctureformation imposed by the curved pattern (UMASS) are clearly evident.
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Conclusions
A laterally heterogeneous external electric field imposed by a patterned
electrode is shown to be effective to destabilize the thin film surface and lead to
replication. The evolution of electrohydrodynamic instabilities leads to the columnar
structure formations directly under the imposed patterns and was studied
function of the time. The center-to-center distance, Xc-c, between the columnar
structures along the length of the electrodes is found to be independent of electrodes
width. However, the Xc-c across the width of the electrodes is significantly impacted
by the electrode width. Consequently, a finite size effect is seen. Studies as a
function of the electrode width and characteristic wavelength of the instabilities
should lead to a fundamental understanding and optimization of the pattern
replication and transfer and impact the extension of the process to more complicated
pattern design.
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